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ABSTRACT 
 
The ovary is the female reproductive organ responsible for producing gametes and 
sex steroid hormones. There are many stages throughout the estrous cycle at which 
perturbations could affect quality of the oocyte. Heat stress (HS) is detrimental to fertility, 
and swine are inherently susceptible due to lack of functional sweat glands. During times 
of HS, blood flow is redirected to the periphery, creating a hypoxic environment within the 
gastrointestinal tract, culminating in compromised intestinal integrity and the influx of 
lipopolysaccharide (LPS) into circulation. This influx of LPS into circulation is known as 
endotoxemia and can arise from a myriad of physiological states, such as HS, and off-feed 
events, as well as obesity, diabetes, and alcoholism. Alterations to follicular growth and 
development incurred during endotoxemia could delay or inhibit ovulation of a viable 
oocyte, thus compromising potential future embryos. We hypothesized that the ovary is 
responsive to circulating LPS and that endotoxemia upregulates toll-like receptor 4 (TLR4) 
pathways, as well disrupt insulin signaling and steroidogenesis in the ovary. To test this 
central hypothesis, various animal models; pre- and post-pubertal gilts, as well as lactating 
cows, were exposed to HS and/or LPS to perturb intestinal integrity and/or mimic chronic 
endotoxemia. We analyzed mRNA and protein abundance in hepatic and ovarian tissue via 
qRT-PCR, western blotting, and immunohistochemistry, as well as quantification of 
insulin and LPS-binding protein, 17β-estradiol, and progesterone via ELISAs. Overall, our 
data demonstrates that the TLR4 pathway is activated by endotoxin in both gilts and 
lactating cows, and could be partially culpable for infertility that arises as a consequence 
of HS or infection. Interestingly, lactating cows become tolerant to exponentially 
increasing exposures to LPS in terms of dominant follicular growth and development. 
xv 
 
Taken together, our discoveries further delineate effects of LPS on ovarian signaling and 
function. These alterations, or lack thereof, are important to understand in order to facilitate 
development of mitigation strategies to ameliorate infertility in the future.  
xvi 
 
ORGANIZATION OF THESIS 
The central focus of this thesis is understanding effects of compromised intestinal 
integrity and endotoxemia on ovarian signaling and function.  There are 6 chapters and an 
appendix.  
Chapter 1 is a general introduction and literature review, detailing ovarian 
physiology and endocrinology, as well as challenges to fertility, and inflammation 
signaling and response.   
Chapter 2 details an experiment of cyclical heat stress during the follicular phase 
on post-pubertal gilts.  Our results suggest heat stress increases circulating insulin despite 
reduced feed intake, as well as alters insulin signaling and Toll-like receptor 4 (TLR4) 
signaling pathway.  
Chapter 3 assesses chronic constant heat stress on pre-pubertal gilts. Results from 
this study further solidify activation of LPS induced TLR4 signaling pathway within the 
ovary.  
Chapter 4 investigates the effects of continuous infusion of lipopolysaccharide into 
lactating Holstein dairy cows.  This experiment was designed in an effort to create a 
physiological relevant model to study chronic inflammation and endotoxemia. Several 
studies use a bolus method to investigate endotoxemia, however it is not representative of 
chronic inflammation in vivo.  
Chapter 5 details a study retrospectively classifying cows as reproductively sound 
or unsound based upon days open until subsequent conception.  We discovered elevated 
LPS-binding protein, a part of the acute phase response, was associated with fewer days 
open. This is interesting as it could be used as a biomarker for prolific cows.   
xvii 
 
Chapters 2-5 are presented as manuscripts for submission to journals. Chapter 6 
discusses discoveries and draws conclusions from aforementioned chapters, as well as 
provides areas for future investigation. The appendix contains figures of negative controls 
for western blotting and immunohistochemistry.   
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CHAPTER 1: GENERAL INTRODUCTION 
 
Ovarian Physiology 
The ovary is the female gonad in which the female gamete, the oocyte, develops 
and matures towards ovulation.  Female sex steroid hormones are produced within the 
ovary via steroidogenesis in specialized structures and contribute to female health, puberty 
onset and behavioral signs of sexual maturity.  Each of these functions is described in the 
following sections. 
 
Figure 1. Follicular growth and development in the ovary. 
During follicular development, primordial follicles (1.) are recruited to primary follicles 
(2.) when growth is initiated. Secondary follicles (3.) are characterized by at least two 
layers of granulosa cells (shown in blue) surrounded by theca cells (shown in purple). The 
tertiary follicles (4.) contain an antrum filled with follicular fluid. Ultimately the oocyte is 
ovulated (5.) and a corpus luteum forms (6.) from luteinized granulosa and theca cells. 
Nevertheless, the majority of follicles, never reach ovulation and regress via atresia (7.) 
 
Oogenesis  
During embryonic development in mammals, primordial germ cells form and 
migrate to the gonad (Monk and McLaren, 1981). Once in the ovary, the germ cells, now 
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known as oogonia, undergo mitosis to proliferate before differentiating into primary 
oocytes via meiosis (McGee and Hsueh, 2000).  These oogenia interact with somatic cells 
in the ovary to form ovarian cords (Byskov, 1986; Hirshfield, 1991; Guigon and Magre, 
2006).  The oocytes then cluster together forming germ cell nests. After the germ cell nest 
break down, oocytes become packaged into primordial follicles. These primordial follicles 
contain a primary oocyte arrested in the diplotene stage of meiotic prophase 1 (Borum, 
1961). Germ cell nest breakdown occurs in human, pigs, and cows in utero, but in rodents 
within the first few days after parturition. Mammals lose a large quantity of oocytes early 
in development prior to follicles forming (Baker, 1972). Female mammals are born with a 
finite number of oocytes (Kezele et al., 2002) and continue to lose follicles throughout life 
until eventual senescence of the ovary occurs (Hirshfield, 1991).  
 
Folliculogenesis 
The ovarian follicle was first identified in 1672 by Regnier de Graaf (Asdell, 1969).  
It was not until 1827, that the oocyte was discovered within the follicle by Karl Ernst von 
Baer (Asdell, 1969).  Since then, research has delineated the process of follicle growth and 
development. Throughout female reproductive life, follicles grow and develop from the 
primordial stage to form dominant, pre-ovulatory follicles.  However, the majority of 
follicles will become atretic and never ovulate (Hirshfield, 1991; Gougeon, 1996).  The 
cycle of follicular growth is depicted in Figure 1. A primordial follicle includes the oocyte 
surrounded by a layer of squamous granulosa cells (Hirshfield, 1991).  Granulosa cells are 
flattened in dormancy but become cuboidal when proliferation begins at the time of follicle 
activation into the growing pool (Hirshfield, 1991).  The basement membrane is the 
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outermost layer surrounding every primordial follicle (Hirshfield, 1991). When primordial 
follicles are recruited from the arrested state, the basement membrane must expand by up 
to 400 times the original size or rearrange itself to accommodate the growing follicle 
(Hirshfield, 1991).   
Once recruited, primordial follicles will begin growing and become primary 
follicles. This is characterized by an increase in size of the oocyte, and the granulosa cells 
changing shape from squamous to cuboidal (Hirshfield, 1991). A secondary follicle is 
characterized by at least two layers of granulosa cells surrounding the oocyte. At this time 
point the granulosa cells are cuboidal and a layer of theca cells forms around the follicle 
(Mossman and Duke, 1973). Though the origin of theca cells is not known, it is thought 
they originate from stromal tissue (Bahr and Milich, 2014).  Theca cells surrounding 
secondary follicles acquire luteinizing hormone receptors (LHr) to facilitate steroid 
hormone production and granulosa cells gain follicle stimulating hormone receptors 
(FSHr) (Hirshfield, 1991). At this developmental stage, granulosa cells in conjunction with 
theca cells, begin producing steroids in a process known as the two-cell two-gonadotrophin 
theory (described below). As granulosa cells proliferate and become more responsive to 
FSH, FSHr increase, and LHr develop on granulosa cells (Hsueh et al., 1984; Harlow et 
al., 1988). 
A tertiary follicle is characterized by the presence of a fluid filled sac, or antrum. 
The antrum is located between the granulosa cell layer and the oocyte and contains 
follicular fluid.  The composition of follicular fluid most likely arises from filtered blood 
running through the thecal capillaries (Shalgi et al., 1973; Rodgers and Irving-Rodgers, 
2010). There is variation in angiogenesis between species and at different stages of follicle 
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development, but the ovary has an extensive capillary network, allowing each follicle to be 
vascularized at this developmental stage (Jiang et al., 2002; Sato et al., 2008). Components 
of the follicular fluid can be altered by environmental factors (Gosden et al., 1988; Fortune, 
1994), but contains proteins, lipids, cholesterol, carbohydrates, steroids, gonadotropins, 
growth factors, and cytokines (Shivers et al., 1964; Desjardins et al., 1966; Edwards, 1974; 
Barak et al., 1992; Mendoza et al., 2002). Specific contents of follicular fluid can be used 
to predict oocyte developmental potential and embryo quality (Mendoza et al., 2002; Lédée 
et al., 2013). There is a positive association with insulin-like growth factor 1, growth 
hormone, estradiol, and prolactin with oocyte quality (Mendoza et al., 2002). Granulosa 
cells that border the basement membrane are considered mural granulosa cells. In tertiary 
follicles, mural granulosa cells withdraw from the cell cycle and become columnar in 
appearance (Hirshfield, 1991). They are enriched in LHr and participate in steroidogenesis 
(Ireland and Roche, 1982).  Gap junctions between the oocyte and granulosa cells are 
important for transport of nutrients and signals from granulosa cells to the oocyte and vice 
versa. When a follicle reaches this stage, it is deemed a dominant follicle and is ready for 
ovulation. 
 Ovulation occurs when a follicle ruptures and the oocyte is released (Senger, 
2012a).  Granulosa cells surrounding the oocyte are known as cumulus granulosa cells and 
may be ovulated along with oocyte. The oocyte remains arrested at prophase I of meiosis 
until the LH surge, just prior to ovulation, at which time, the first polar body is extruded 
and the first round of meiosis is completed (Hirshfield, 1991). The oocyte is then arrested 
at metaphase II until fertilization occurs.  At this point, the second polar body is extruded 
and meiosis II is completed (Senger, 2012a). Ovulation can occur at any point on the 
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cortical layer of the ovary in most species. Although follicular growth and development is 
well characterized, the mechanisms and signals initiating follicular growth and selection as 
well as maintenance or regression are still not fully understood (Webb et al., 1992). 
After ovulation, a corpus hemorrhagicum forms due to luteinization of the 
granulosa and theca cells under the control of LH (Fauser and van Heusden, 1997). This 
structure turns into a corpus luteum (CL) which the site of progesterone (P4) production 
(Senger, 2012b). The CL is the primary source of P4 during the luteal phase of the cycle 
and is maintained on the ovary if the animal is pregnant.  During pregnancy, P4 from the 
CL is important for inhibition of estrus via negative feedback on GnRH pulse amplitude 
and frequency (Jones, 2009). In pigs, the CL must be present throughout the entire gestation 
and is imperative for maintenance of pregnancy and P4 production. If the animal does not 
conceive, prostaglandin F2α (PGF2α) is secreted from the uterine endometrium at the end 
of the luteal phase and luteolysis will occur, causing the CL to regress and the follicular 
phase of the estrous cycle to restart (Senger, 2012b). PGF2α released from the endometrium 
of pregnant bovine will not lyse the CL, as it will be diverted in circulation for metabolism 
before reaching the ovary, wherease PGF2α released from pregnant pig is released into 
uterine lumen where it is broken down, instead of into circulation where it can reach the 
ovary (Senger, 2012d).  It is important to note follicles are continually growing and 
developing, however, the majority undergo atresia (Senger, 2012a).  When a CL is present, 
there is still follicular growth occurring, just to a lesser degree (Pedersen, 1970). It takes at 
least 220 d, from recruitment to ovulation, for a human follicle to fully develop from the 
primordial to the dominant follicle stage (McGee and Hsueh, 2000). 
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The estrous cycle 
The estrous cycle length is species specific but is divided into two phases regardless 
of species: follicular and luteal. Cattle and pigs average 21 day estrous cycles. Porcine 
cycles consist of a 5-7 day follicular phase and a 13-15 day luteal phase (Soede et al., 
2011).  Cows have 2-3 follicular waves per cycle (Rajakoski, 1960; Pierson and Ginther, 
1988) yet are monotocous (Sartori and Barros, 2011) whereas pigs are polytocous and may 
ovulate 15-30 follicles per ovulation (Soede et al., 2011). The endometrial cycle also has 
two phases; proliferative and secretory.  The proliferative phase occurs simultaneously 
with the ovarian follicular phase. During this time the endometrium is rebuilding itself 
through cellular hyperplasia and increased extracellular matrix, thus thickening the 
endometrium to prepare for embryo implantation (Jones, 2009). When ovulation occurs, 
the uterus starts the secretory phase. The glandular cells secrete histotroph and the 
endometrium is ready for implantation. If the animal is not pregnant, PGF2α is released 
from the endometrium and the CL regresses along with vasoconstriction to dispose of 
endometrial cells, thus starting the cycle over (Jones, 2009). 
 
Endocrinology 
Ovarian steroidogenesis 
Endocrine control of and hormone production during the estrous cycle is important 
for proper reproductive function.  17β-estradiol (E2) and P4 are ovarian steroid hormones 
produced through the two-cell theory through interaction between theca and granulosa cells 
within the dominant follicle under the control of the gonadotrophins, LH and FSH (Falck, 
1959). This process is summarized in Figure 2. LHr and FSHr are G-protein coupled 
7 
 
receptors with the signaling cascade mediated via adenyl cyclase, cyclic AMP, and protein 
kinase A. LHr abundance do, while FSHr levels do not, correlate linearly with follicle size 
(Xu et al., 1995).  
With the exception of steroid acute regulatory (StAR), the enzymes involved in 
ovarian steroidogenesis fall into one of two categories: cytochrome P450 enzymes (CYP) 
or hydroxysteroid dehydrogenases (HSD) and are unidirectional (Miller and Auchus, 
2011). In the theca cells, cholesterol, either synthesized de novo in the ovary, or taken up 
from low-density lipoproteins (LDL) via circulation (Gwynne and Strauss III, 1982), enters 
the inner mitochondrial matrix via the action of StAR and is converted to pregnenolone, 
catalyzed by cytochrome P450, family 11, subfamily A, polypeptide 1 (CYP11A1), a side 
chain cleavage enzyme (Halkerston et al., 1961; Koritz and Kumar, 1970), under the 
influence of LH.  This serves as the rate-limiting step in E2 production (Halkerston et al., 
1961). Pregnenolone is then converted to P4 via 3β-hydroxysteroid dehydrogenase (3β-
HSD) (Samuels et al., 1951). Next, P4 is converted to androstenedione by CYP17 on the 
endoplasmic reticulum followed by conversion to androgens, such as testosterone, by the 
enzyme 17β-HSD (Miller and Auchus, 2011). Androgens produced from the theca cells 
can diffuse to the granulosa cells where the enzyme CYP19A1 (also known as aromatase) 
can aromatize the androgens to estrogens (Bjersing and Carstensen, 1964; Ryan and Short, 
1965; Dorrington and Armstrongt, 1975; Fortune and Armstrong, 1977; Erickson and 
Hsueh, 1978; Fortune, 1986). While P4 is produced from both granulosa and theca cells, 
E2 is produced only from granulosa cells (Falck, 1959) due to lack of CYP19A1 in theca 
cells (Fortune and Armstrong, 1977). Post-luteinization these same enzymes function 
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within the CL to produce P4. Thus, the two-cell two-gonadotrophin theory provides the 
mechanism for ovarian endocrine production.  
 
Figure 2. Two-cell theory of ovarian steroid hormone production.  
Theca and granulosa cells within the ovarian dominant follicle and luteal cells within the 
CL work in tight coordination to produce ovarian steroid hormones from cholesterol. The 
gonadotrophins, LH and FSH, bind to their respective receptors and initiate a signal 
cascade (1).  Cholesterol is transported into the inner mitochondrial matrix (IMM; 2) and 
converted to pregnenolone (3). Next, pregnenolone is converted to progesterone (4) then 
to androstenedione (5) and testosterone (6). Theca cells lack CYP19A1 so androgens, such 
as testosterone, are transported to granulosa cells (7) for conversion to 17β-estradiol (8).  
 
 
Hypothalamic-pituitary-ovarian axis 
The hypothalamus and anterior pituitary are critical players in regulation of ovarian 
endocrine synthesis in what is termed the hypothalamic-pituitary-gonadal axis (HPG-axis). 
Briefly, gonadotrophin releasing hormone (GnRH) is released from the hypothalamus and 
acts on gonadotrophs in the anterior pituitary. GnRH induces secretion of the 
gonadotrophins, FSH and LH, which act on granulosa and/or theca cells to promote ovarian 
follicle growth and development, ovulation, luteinization and formation of the CL. E2 and 
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P4 exert feedback (positive and negative) at the level of the hypothalamus and anterior 
pituitary (Jones, 2009) and are critical components of the HPG-axis.  
In more detail, GnRH is released in a pulsatile mode into the portal vein, 
intermittingly stimulating LH and FSH release from the anterior pituitary (Jones, 2009). 
This pulse pattern during the follicular phase is key to control of the reproductive cycle and 
facilitates the gonadotropin environment necessary to stimulate the pre-ovulatory E2 rise 
(Baird and McNeilly, 1981; Wallace et al., 1988; Campbell et al., 1990). The GnRH 
receptor works via a cascade starting with activation of phospholipase C hydrolyzing 
phosphatidylinositol 4,5-biphosphate to inositol 1,4,5-triphosphate and diacylgycerol 
(Limor et al., 1989; Perrin et al., 1989; Anderson et al., 1992). In response to GnRH 
stimulation, LH and FSH, both glycoprotein hormones with α and β chains, are released 
via a G-coupled protein response within the gonadotrophs (Senger, 2012c).  As previously 
stated, during the follicular phase of the estrous cycle, LH binds to the LHr on the theca 
cells to stimulate androgen and progestin production (Jones, 2009). During the early and 
mid-follicular phase, the frequency of LH release remains unchanged however the 
amplitude increases with time. During the late follicular phase both the frequency and 
amplitude of LH pulses increases (Senger, 2012a).  During this time, E2 production from 
dominant follicle(s) exerts positive feedback on the hypothalamus and pituitary to elevate 
the release of GnRH, eventually resulting in an LH surge and ovulation induction releasing 
the oocyte into the infundibulum (Goding et al., 1969; Scaramuzzi et al., 1971; Chenault 
et al., 1975; Diskin et al., 2003). After ovulation, elevated levels of P4, E2, and inhibin 
apply negative feedback to the hypothalamus and anterior pituitary to stifle the release of 
GnRH, and ensuing FSH and LH resulting in suppression of follicular development (Jones, 
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2009). Additionally, the ovary produces peptide hormones, activin and inhibin, which can 
contribute to regulation of FSH release from the anterior pituitary (Jones, 2009).   
 
Functions of 17β-estradiol 
E2, a specific estrogen, acts on many organs, exerting both positive and negative 
feedback in a temporal pattern on the hypothalamus and anterior pituitary, as well as 
stimulating reproductive tract growth. As a steroid hormone, E2 can diffuse into cells and 
in coordination with its receptor, ultimately acts as a transcription factor (Jones, 2009).  E2 
is critical for development of secondary sex characteristics at puberty in females, regulation 
of follicular growth, induction of estrus behavior, and is the maternal recognition of 
pregnancy in sows.  E2 stimulates the proliferation and differentiation of cells in the 
endometrium, and upregulates P4 receptors, thereby preparing the uterus for pregnancy 
(Jones, 2009). Indeed, loss of E2 post-menopause in women is associated with a number 
of detrimental health effects, including osteoporosis, diabetes, depression, and coronary 
heart disease (Hoyer and Keating, 2014).  
Another function of E2 is in regulation of GnRH secretion and release from the 
hypothalamus.  Kisspeptin (KISS), a neuropeptide which plays a critical role in 
coordination with the KISS receptor in the regulation of GnRH release (Seminara et al., 
2003; Messager et al., 2005; Smith et al., 2006b; Clarke et al., 2015).  KISS and the KISS 
receptor are located in the hypothalamic arcuate nucleus and anteroventral periventricular 
nucleus regions (Gottsch et al., 2004). NeurokininB and dynorphin are other key regulators 
that work in coordination with KISS to regulate GnRH secretion by the hypothalamus 
(Goodman et al., 2007). Since release of GnRH stimulates LH release, KISS is involved in 
11 
 
regulation of the LH ovulatory surge (Kinoshita et al., 2005; Smith et al., 2006b; Adachi 
et al., 2007; Navarro et al., 2009). KISS neurons also regulate E2 effects on the GnRH/LH 
preovulatory surge (Smith et al., 2006b), and are conserved across species (Krajewski et 
al., 2005; Lehman et al., 2010; Matsuyama et al., 2011). Mutations within Kiss1 gene lead 
to congenital hypogonadotropic hypogonadism (Seminara et al., 2003).  
 
Functions of progesterone 
P4 is critical for implantation and pregnancy maintenance.  As mentioned earlier, 
when high in concentration, progestins exert negative feedback on both the hypothalamus 
and anterior pituitary, such as is the case during the luteal phase of the estrous cycle. Since 
P4 is necessary to maintain pregnancy, increased P4 clearance is detrimental for retention 
of early stage embryos (Parr et al., 1987; Starbuck et al., 2004).  Gilts and sows exhibiting 
normal estrus can be synchronized utilizing altrenogest, commercially known as Matrix® 
(Flowers et al., 2001). This progestin inhibits GnRH release and prevents follicular growth 
(Webel and Day, 1982). Altrenogest is orally administered for 14 d and after the treatment 
period ends, 80-90% of females exhibit estrus within 4-9 d (Flowers et al., 2001).  
 
Steroid hormone metabolism  
The liver is the main organ involved in both P4 and E2 metabolism/clearance 
(Bedford et al., 1973, 1974; Parr et al., 1993a; Freetly and Ferrell, 1994), but other tissues 
can also metabolize P4 including the brain, kidney, ovary, uterus, and adrenal gland 
(Bedford et al., 1973, 1974; Parr et al., 1993a). The half-life of P4 has been debated ranging 
from minutes to hours (Miller et al., 1963; Hawkins et al., 1995; Lemley et al., 2010).  P4 
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metabolism occurs in the liver in two phases:  1) P4 is hydroxylated by CYP2C and 
CYP3A; 2) hydroxylated P4 is conjugated with glucuronic acid, creating an inactive 
hydroxyprogesterone-glucuronide metabolite (Lemley and Wilson, 2010).   
 
Altered ovarian function 
Factors impacting steroid hormone metabolism 
Increased feed intake increases hepatic portal vein blood flow in sows (Symonds 
and Prime, 1989), and sheep (Burrin et al., 1989).  Luteal blood flow (LBF) increases 
acutely post ingestion of feed in dairy cattle (Lomax and Baird, 1983; Sangsritavong et al., 
2002). P4 and E2 metabolism were increased immediately post-prandially and overall 
clearance of P4 and E2 was greater in lactating cows compared to non-lactating cows of a 
similar size and age (Sangsritavong et al., 2002). Substrates required for ovarian 
steroidogenesis are delievered to ovary by a lipid vesicle, high-density lipoprotein (HDL); 
which is increased in lactating cows compared to dry cows (Grummer and Carroll, 1988). 
Increased dry matter intake (DMI) and milk production are tightly correlated (r = 0.88) in 
lactating dairy cows (Harrison, 1990), and during early pregnancy increased DMI increases 
embryonic loss in sheep (Parr et al., 1987).  Increased DMI before artificial insemination 
reduces embryonic survival in beef heifers (Dunne et al., 1999) and precedes an increase 
in the metabolic clearance rate (MCR) of P4 (Parr et al., 1993b; Miller et al., 1999). 
Similarly, other work has shown that there is an inverse relationship between DMI and 
peripheral plasma P4 (Prime and Symonds, 1993; Miller et al., 1999).   
Insulin modulates P4 metabolism: reduced rates of P4 metabolism when 
hepatocytes were cultured with insulin, as well as reduced expression of the P4 metabolism 
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enzymes, CYP2C and CYP3A when insulin was infused in lactating dairy cattle (Sidhu 
and Omiecinski, 1999; Smith et al., 2006a; Lemley et al., 2008). Increased peripheral 
insulin decreased hepatic clearance of P4 (Lemley et al., 2010). Propylene glycol is a 
glucogenic compound thus increases circulating glucose, thereby stimulating insulin 
release (Johnson, 1954; Grummer et al., 1994).  Daily propylene glycol drenches elevated 
circulating insulin and P4 and increased pregnancy rates in cows (Hidalgo et al., 2004).  
Also, daily propylene glycol treatment prior to and post calving increased peripheral insulin 
and decreased CYP3A mRNA expression (Lemley et al., 2008).  Cows receiving an insulin 
stimulating diet had decreased CYP2C activity (45%) and mRNA expression (21%) as well 
as decreased CYP3A activity (24%) however no change in CYP3A mRNA expression 
when compared to cows on a non-insulin stimulating diet was noted (Lemley et al., 2010). 
While P4 half-life is debatable, the half-life of P4 was longer in cows with higher peripheral 
insulin (Lemley et al., 2010).  
Higher producing cows have larger luteal volume but, surprisingly, have decreased 
circulating P4 (Lopez et al., 2005). Lower circulating P4 due to increased steroid 
metabolism could be partially culpable for decreased fertility and increased abortions in 
cows (Vasconcelos et al., 1997). P4 supplementation both during gestation (Robinson et 
al., 1989; Stevenson and Mee, 1991; Diskin et al., 2006) and during lactation (Villarroel et 
al., 2004; Larson et al., 2007) remains controversial due to conflicting results on pregnancy 
rates.  Thus, reduced P4 metabolism could result in a positive outcome for early embryo 
development, but negative outcomes leading up to the fertilization of the oocyte since P4 
inhibits GnRH release from the hypothalamus. 
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Fertility in dairy cows 
Reproductive efficiency in the dairy industry has been declining for many years 
(Royal et al., 2000; Lucy, 2001; Washburn et al., 2002; Crowe, 2008; Dochi et al., 2010; 
Galon et al., 2010; Walsh et al., 2011), and decreased reproductive efficiency correlated 
with increased milk production has been observed in high producing dairy cows (Faust et 
al., 1988; Butler, 1998; Washburn et al., 2002).  Genetically selecting cows for increased 
milk production has been detrimental for fertility, and is associated with delayed first estrus 
detection (+4.5 d) (Hageman et al., 1991), and a longer interval (+8 d) to first ovulation 
post-parturition (Gong et al., 2002).  In other studies no relationship between milk 
produced and percentage of anovulatory cows (Gümen et al., 2003; Lopez et al., 2005) or 
estrus detection (Fonseca et al., 1983) have been reported. Washburn et al., (2002) 
retrospectively analyzed the relationship between conception rate and milk production 
from 1976-1999 on dairies in the southeastern United States.  A decrease in conception 
rates over the 23 year period from ~55% to ~35% corresponding with a drastic increase in 
milk production were reported (Washburn et al., 2002). In addition to delayed first estrus 
and ovulation post-partum, higher producing cows have shorter estrus duration and ovulate 
larger follicles but have reduced circulating E2 (Lopez et al., 2004). Milk production from 
dairy cows in Japan has increased by approximately 88 kg annually over the past two 
decades (Dochi et al., 2010) but duration of estrus has decreased from 15 to 5 hours per 
cycle over the past fifty years (Dobson et al., 2008) and the number of inseminations 
required per conception has increased (Dochi et al., 2010). Fertilization failure can 
potentially occur due to effects on oocyte quality (Roth et al., 2001a; Chebel et al., 2004).  
Embryo quality was also assessed at day five after ovulation from cows of similar age and 
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size and lactating cows had a lower percentage of viable embryos (52.8%) compared to 
non-lactating cows (82.3%; Sartori et al., 2002).  Pregnancy loss is also more common in 
lactating cows than heifers (Santos et al., 2004), potentially indicating that the energy needs 
and metabolic alterations induced by lactation negatively impact reproductive capacity.   
 
Heat Stress  
The earth is getting warmer with some climate predictions forecast temperature 
increases up to 4˚C annually (IPCC, 2007; Renaudeau et al., 2012). Concurrently, world 
population is increasing and agriculture will need to be expanded in areas of population 
growth to accommodate sustainable food production (Renaudeau et al., 2008). In the U.S., 
the regions which are heavily animal-production orientated are experiencing increasing 
climate change (Luber and McGeehin, 2008). In 2011, 4,000 cattle in Iowa alone died due 
to heat stress (HS) (Wessler, 2011), thus HS is an animal welfare as well as an economic 
issue for animal agricultural industries and all species are impacted by HS.    
 
Metabolic alterations due to heat stress  
In response to HS, systemic physiology is altered which could contribute to altered 
fertility in production animals. There is a shift in glucose production, carbohydrate 
metabolism, lipid mobilization, and a reduction in response to lipolytic stimuli (Baumgard 
and Rhoads, 2013). Multiple species demonstrate increased lipid retention when reared in 
HS conditions (Heroux and Gridgeman, 1958; Verstegen et al., 1978; Heath, 1983; 
Torlińska et al., 1987; Christon, 1988). Decreased DMI is characteristic of HS in many 
species (Collin et al., 2001; West, 2003; Wheelock et al., 2010) but interestingly, HS alters 
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post-absorptive nutrient metabolism independently of reduced feed intake (Baumgard and 
Rhoads, 2013). HS cows consume less feed but the decrease in nutrient intake only 
accounts for ~35-50% of milk yield decrease (Rhoads et al., 2009). During periods of HS, 
despite hypophagia, animals display lower levels of basal plasma non-esterified fatty acids 
(NEFA) (Pearce et al., 2013a), especially compared to their pair-fed thermal-neutral (TN) 
counterparts (Rhoads et al., 2009; Sanz Fernandez et al., 2015b). Epinephrine is increased 
during HS (Alvarez and Johnson, 1973) and is a lipolytic signal. Surprisingly, however, in 
response to a direct epinephrine challenge, heat stressed animals have decreased circulating 
NEFA compared to pair-fed TN animals (Sanz Fernandez et al., 2015a).  Piglets raised in 
HS conditions have changes to desirable production traits and their carcasses contain more 
adipose tissue and less lean muscle mass (Close et al., 1971; Verstegen et al., 1978; Heath, 
1983; T. C. Bridges et al., 1998; Collin et al., 2001). Despite their altered metabolism, heat-
stressed animals do not lose body weight and body condition to the same extent as TN 
counterparts on the same plane of nutrition (Prunier et al., 1997; Ronchi et al., 1999). 
 
Elevated circulating insulin  
Despite decreased feed intake, there is a counterintuitive effect of increased 
circulating insulin during HS (Hall et al., 1980; Torlińska et al., 1987; Itoh et al., 1998; 
O’Brien et al., 2010; Wheelock et al., 2010; Pearce et al., 2013a; Sanz Fernandez et al., 
2015b).  Interestingly, Schuman (1972) noted that diabetic humans are more susceptible to 
heat-induced pathology. Insulin is a potent anti-lipolytic hormone (Vernon, 1992) and 
plays a role in activating cellular stress responses (Li et al., 2006), yet, as noted above, HS 
cows do not mobilize adipose tissue even though they are in a negative energy state 
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(Rhoads et al., 2009; Shwartz et al., 2009). Insulin also plays a key role in reproduction, 
stimulating steroidogenesis (Barbieri et al., 1983), as well as follicular development and 
proliferation of granulosa cells (Willis and Franks, 1995; Nestler et al., 1998; Poretsky et 
al., 1999).  
 
Endotoxemia 
During HS, blood flow is directed to the periphery to allow for maximum heat 
dissipation, causing a temporary hypoxic environment in the gastrointestinal tract (GIT) 
(Hall et al., 1999; Lambert et al., 2002). This environment leads to compromised tight cell 
junctions and villi morphology, and ultimately compromised intestinal barrier function 
(Lambert et al., 2002; Pearce et al., 2013b). The decrease in barrier function allows for an 
influx of endotoxins, such as lipopolysaccharide (LPS), into the blood stream (Hall et al., 
2001; Pearce et al., 2013b). The elevation in circulating LPS is known as endotoxemia.  
The impacts of HS on fecundity and fertility in many species have been documented 
including cows and pigs, which for the purposes of this thesis are described in more detail 
in the next sections.  
 
Impact of heat stress on reproduction in dairy cows 
Impaired fertility is an economic problem for the dairy industry and lactating cows 
are extremely susceptible to HS (Brown et al., 2016). National averages report ~15% 
successful pregnancy rates in dairy cows (Poock et al., 2009) but HS can decrease 
pregnancy rates to as low as 7% (Folman et al., 1983). Irregular cyclicity can arise due to 
HS (Ozawa et al., 2005) and conception rates are lowered (Boma and Bilkei, 2006; Hansen, 
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2009). HS also reduces estrus behavioral expression in cows (Hansen et al., 2001) and 
alters follicular waves (Wolfenson et al., 1995). Granulosa cell proliferation, E2 and P4 
secretion, as well as steroidogenesis gene expression are decreased during HS in cultured 
murine granulosa cells (Luo et al., 2016). HS cows have decreased levels of LH (Madan 
and Johnson, 1973), potentially due to decreased E2 production, thus steroid hormone 
impacts of HS could contribute to poor reproductive performance in dairy cows. 
Fertilization rates drop from ~55% to 33% in lactating dairy cows due to HS 
(Sartori et al., 2002).  These detrimental effects can extend past the season of HS and are 
not always evident until cooler months of the year (Roth et al., 2001a; López-Gatius, 2003). 
Interestingly, cows that are conceived during HS overall produce less milk but can maintain 
milk production during times of HS better than their counterparts who were conceived 
during non-HS conditions (Brown et al., 2016). The lower milk production capacity of 
cows conceived during HS could reduce metabolic heat production and thereby contribute 
to their thermo-tolerance (Brown et al., 2016).  
 
Impact of heat stress on reproduction in swine 
Sensitivity to HS is increased in pigs compared to other mammals due to their lack 
of functional sweat glands. Genetic selection in swine has increased feed efficiency 
however, similar to the impact of genetic selection for greater milk production, has 
compromised fertility in swine during HS (St-Pierre et al., 2003).  Continuing to select for 
production traits is predicted to further diminish tolerance to HS in swine (Nienaber and 
Hahn, 2007; Baumgard and Rhoads, 2013). From a reproductive standpoint, HS costs the 
national swine industry an estimated ~$450 million (Pollman, 2010). Gestation day 27 
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embryos from sows that were heat-stressed for five days post-breeding, had reduced 
survival rates (39.1%) compared to embryos from sows in TN conditions (68.8%) 
(Tompkins et al., 1967). HS can interfere with maternal recognition of pregnancy 
(Wettemann and Bazer, 1985) yet the severity of HS depends on the stage of gestation 
(Omtvedt et al., 1971).  HS during early gestation causes abortions and lengthens the return 
to estrus, however mid-gestation HS had no effect, and late gestational HS reduced the 
total number of piglets born alive (Omtvedt et al., 1971).   As noted, HS can cause a delayed 
return to estrus after mating and an increase in the number of sows found non-pregnant 
(Love, 1978) as well as delaying the onset of puberty in gilts (Bertoldo et al., 2009).  Heat-
stressed oocytes have an impaired ability to survive past the 4-cell stage in development 
even when fertilized and nurtured in a TN environment (EC Wright and JW Ross, 
unpublished).  Akin to other species, the effects of HS in swine may not however be 
apparent until weeks after the initial stress (Wettemann and Bazer, 1985).   
 
Phosphatidylinositol-3 kinase signaling  
Insulin binds to its cell surface receptor stimulating autophosphorylation of IRS 
proteins 1-4 (Sweet et al., 1987; Backer et al., 1992; Cheatham and Kahn, 1995) which are 
upstream of the phosphatidylinositol-3 kinase (PI3K) pathway (Akamine et al., 2010).  
Protein kinase B (AKT) is downstream of PI3K (Kohn et al., 1996; Bandyopadhyay et al., 
1997) and phosphorylation of AKT (pAKT) facilitates translocation into the nucleus and 
regulation of a myriad of transcription factors. PI3K/AKT signaling is involved in many 
cell processes but proper PI3K signaling is integral for ovarian function, including 
regulation of primordial follicle recruitment and activation (Reddy et al., 2005, 2008; Liu 
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et al., 2006; Brown et al., 2010), and steroidogenesis (Zeleznik et al., 2003; Chen et al., 
2007).  Stressful stimuli such as HS, and hyperinsulinemia could potentially alter 
reproductive function through perturbations to the PI3K pathway.   
  Heat-stressed pre-pubertal gilts had elevated mRNA expression of insulin receptor 
(INSR), insulin receptor substrate 1 (IRS1), and the central mediator of the PI3K pathway, 
AKT1, suggesting that HS disrupts PI3K signaling. Increased expression of the gene 
encoding INSR suggests that the ovary is sensitive to increased insulin during HS (Nteeba 
et al., 2015).  Altered ovarian steroidogenic gene expression in pre-pubertal gilts exposed 
to HS has also been demonstrated (Nteeba et al., 2015).  Both acute (7 d) and chronic (35 
d) HS increased mRNA abundance of the LDL receptor, LHr, and CYP19A1, as well as 
increasing StAR mRNA and protein, and CYP19A protein (Nteeba et al., 2015). As 
discussed later, increased activation of the PI3K pathway could increase primordial 
follicular activation to grow, which if hyperactivated will eventually lead to infertility.  
 
Inflammatory Signaling and Cellular Response 
Lipopolysaccharide 
Lipopolysaccharide (LPS) is a glucosamine-based phospholipid found on the outer 
membrane of most gram-negative bacteria (Raetz, 1990; Rietschel et al., 1994).  It consists 
of a core oligosaccharide, O-antigens, and a lipid A moiety as depicted in Figure 3.  The 
lipid A moiety is also known as endotoxin and is the part of LPS responsible for induction 
of the cellular response (Loppnow et al., 1989).  This region is highly conserved and 
stimulates an inflammatory response recognized by the membrane bound protein toll-like 
receptor 4 (TLR4) (Tobias et al., 1989; Schumann et al., 1990; Raetz and Whitfield, 2008). 
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Tlr4 deficient mice have demonstrated that TLR4 is necessary for LPS recognition and the 
subsequent cellular response (Hoshino et al., 1999).  
 
Figure 3. Structure of lipopolysaccharide (LPS).  
LPS is found on the cell wall of gram-negative bacteria, such as Escherichia coli. The lipid 
A region, depicted in red, elicits the immune response.   
 
LPS must initially bind to cluster of differentiation 14 (CD14) and is then 
transferred to a TLR4-myeloid differentiation protein 2 (MD-2)-complex to initiate a 
cellular response (da Silva Correia et al., 2001; Triantafilou and Triantafilou, 2002). CD14 
exists in two forms; soluble (sCD14) and membrane-bound (mCD14). sCD14 is integral 
for serum- or cell-mediated responses to LPS (Wright et al., 1990; Pugin et al., 1993) while 
mCD14 is a glycosylphosphatidyl-inosital anchored protein (Haziot et al., 1988; Simmons 
et al., 1989) and works in close coordination with TLR4 to transmit the LPS signal across 
the lipid bilayer to initiate a cellular response (Poltorak et al., 1998). The primary structure 
of CD14 includes thirteen leucine-rich motifs that bind LPS by forming amphipathic beta 
sheets (Gay et al., 1991; Krantz et al., 1991). The MD-2 protein is a crucial part of LPS 
recognition and is a piece of the extracellular TLR4 complex (Shimazu et al., 1999).  
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Toll-like Receptor 4 
TLR4 is a membrane spanning protein dimer analogous to interleukin 1 (IL-1) 
receptor (Greenfeder et al., 1995; Aderem and Ulevitch, 2000; Medzhitov and Janeway, 
2000). TLR4 is the receptor for LPS (Poltorak et al., 1998; Hoshino et al., 1999) and in 
coordination with CD14 and MD-2, recognizes the lipid A moiety of LPS (Janeway et al., 
1997; Poltorak et al., 1998; Hoshino et al., 1999; Qureshi et al., 1999). Activation of TLR4 
stimulates either the myeloid differentiation primary response gene 88 (MyD88)-
dependent or MyD88-independent pathways and activation of the transcription factor 
nuclear factor kappa B via phosphorylation of REL-associated protein (pRELA), which 
can regulate inflammatory cytokines (Chow et al., 1999; Triantafilou and Triantafilou, 
2002; Akira and Takeda, 2004; Lu et al., 2008). pRELA increases concurrently with 
increased LPS exposure, thus highlighting the specificity of LPS for TLR4-mediated 
activation of NFκB (Chow et al., 1999).  
 
Effects of lipopolysaccharide on fertility   
HS-induced endotoxemia has the potential to impact fertility and fecundity in 
females, and LPS can reach the ovary via systemic circulation (Herath et al., 2007).  LPS 
reduced the primordial follicle pool along with increased atresia (3.3 fold compared to 
controls) as demonstrated in cultured bovine ovarian cortical strips, however Tlr4-deficient 
mice were shown to be resistant to primordial follicle reduction induced by LPS (Bromfield 
and Sheldon, 2013). Thus, TLR4 also mediates the ovarian LPS response. Phosphatase and 
tension homolog (PTEN) and Forkhead box O3 (FOXO3), both PI3K proteins involved in 
regulating primordial follicular activation, were translocated out of the nucleus in cultured 
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bovine cortical strips after six days of exposure to LPS (Bromfield and Sheldon, 2013). 
These findings indicate premature activation of primordial follicles, potentially leading to 
depletion of the ovarian follicular reserve. An accumulation of IL-6 and IL-8 in granulosa 
cell culture media and bovine cortical strip media was observed after small doses of LPS, 
similar to the responsiveness of immune cells (Dentener et al., 1993; Bromfield and 
Sheldon, 2013). LPS exposure can also be detrimental during pregnancy. Li et al., (2015) 
demonstrated that human trophoblast cells increase pro-inflammatory macrophage 
production when cultured with LPS, and trophoblast invasion was decreased. It is well 
documented that LPS causes early pregnancy loss in multiple species and as a testament to 
its efficacy, LPS is used as a tool in studies related to spontaneous abortion (Harper and 
Skarnes, 1972; Rioux-Darrieulat et al., 1978; Wrathall et al., 1978; Fredriksson et al., 1985; 
Giri et al., 1990; Newnham et al., 2005; Zhong et al., 2008; Aisemberg et al., 2013; Lei et 
al., 2015). Taken together, these studies provide rationale that endotoxemia induced during 
HS may be at least partially culpable for seasonal infertility phenotypic characteristics. 
LPS alters steroid secretion in the anterior pituitary and in the ovary:  LPS inhibited 
LH release, downregulated mRNA for LH and LHr while simulating prolactin, cortisol, 
and elevating mRNA levels of prolactin receptor, FSH and FSHr in anestrous ewes 
(Herman et al., 2010).  Granulosa cells exposed to high levels of LPS had reduced mRNA 
expression of LHr, FSHr, and CYP19A1 (Magata et al., 2014). LPS did not impact 
androstenedione production or total cell number but decreased E2 production, and initially 
decreased but then did not affect P4 production in bovine granulosa cells in culture (Herath 
et al., 2007; Shimizu et al., 2012). LPS decreased E2 concentration in follicular fluid while 
P4 concentrations were increased in large bovine follicles (Magata et al., 2014). As 
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expected, in granulosa cells, LPS reduced mRNA expression of CYP19A1, however LPS 
had no effect on mRNA expression of tumor necrosis factor alpha (TNF-α), IL-α, LHr, or 
estrogen receptor alpha (ERα) (Herath et al., 2007; Price et al., 2013). Theca cells isolated 
from follicles exposed to high levels of LPS had decreased mRNA abundance of LHr, 
CYP17, and CYP11A1 but no difference in StAR or 3β-HSD levels compared to theca cells 
from follicles exposed to low levels of LPS (Magata et al., 2014). It is unlikely that LPS 
causes an increase in P4 production but rather that less P4 is being converted to E2 (Magata 
et al., 2014). Lastly, another study demonstrated that LPS can inhibit steroid secretion, 
specifically P4 and androstenedione in thecal-interstitial cells in vitro (Taylor and 
Terranova, 1995).  
Immune challenges can disrupt the follicular phase in multiple species (Kalra et al., 
1990; Peter et al., 1990b; Bonavera et al., 1993; Battaglia et al., 2000). LPS suppresses the 
hypothalamic-pituitary gonadal axis by decreasing pulsatile GnRH secretion (Takeuchi et 
al., 1997b; Hoshino et al., 1999). LPS alters the increase in E2 during the preovulatory 
phase, thus delaying subsequent LH and FSH surges, culminating in delayed or inhibited 
ovulation (Peter et al., 1989, 1990b; Battaglia et al., 2000; Suzuki et al., 2001).  
Gonadectomized animals have demonstrated that LPS, and its subsequent inflammatory 
cytokines, suppress GnRH release, thus disrupting the LH surge amplitude, frequency, and 
concentration (Feng et al., 1991; Ebisui et al., 1992; Bonavera et al., 1993; Coleman et al., 
1993; Kujjo et al., 1995; Battaglia et al., 1997). Animals exposed to LPS had increased 
circulating levels of cortisol, P4, adenocorticotrophic stimulating hormone (ACTH), and 
had elevated body temperatures (Peter et al., 1989, 1990b; Coleman et al., 1993; Battaglia 
et al., 1997, 2000; Takeuchi et al., 1997a).  CL formation and the expected associated 
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increase in plasma P4 was also delayed in heifers exposed to LPS (Suzuki et al., 2001). 
Thus, endotoxemia has the potential to compromise P4 production and lead to decreased 
luteal function (Tremellen et al., 2015).  
   Stress can suppress the HPG-axis, and inhibit GnRH pulses which subsequently 
inhibits the level of downstream hormones (Dobson, 1987; Pau et al., 1996). E2 itself can 
lessen the glucocorticoid stress response (Komesaroff et al., 1998) and ACTH can suppress 
LH release leading to prolonged, though decreased, E2 secretion (Dobson et al., 2000).  
LPS alone, or elevation of cortisol due to LPS, can both inhibit ovarian E2 secretion 
(Suzuki et al., 2001). Further studies of LPS effects on reproduction are detailed below in 
Table 1. 
 
Lipopolysaccharide-binding protein  
Lipopolysaccharide-binding protein (LBP) was isolated from rabbit sera in 1986 
and identified as an acute phase reactant protein that interacts directly with LPS (Tobias et 
al., 1986). LBP specifically recognizes the lipid A moiety of LPS (Tobias et al., 1989; 
Schumann et al., 1990) and this interaction of LBP and LPS results in a conformational 
change of LBP, promoting recognition and transfer of LPS to macrophages (Wright et al., 
1989, 1990). LBP is primarily produced in hepatocytes and released as a type-1 acute phase 
protein (Grube et al., 1994; Schumann et al., 1996; Kirschning et al., 1997).  IL-6 (Grube 
et al., 1994; Schumann et al., 1996; Kirschning et al., 1997), IL-1β, and dexamethasome 
(Schumann et al., 1996) stimulate hepatic LBP.  LBP can also be produced in epithelial 
cells of lung (Klein et al., 1998; Dentener et al., 2000), gastrointestinal tract (Vreugdenhil 
et al., 1999), kidney (Wang et al., 1998), and the epididymis (Malm et al., 2005).  
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LBP acts as a soluble receptor and transports ligands, such as LPS, to the 
appropriate TLR to initiate a signal cascade (Schumann, 2011) or to sCD14, HDL, or 
macrophages (Schumann et al., 1990; Wright et al., 1990; Wurfel and Wright, 1995; 
Kirschning et al., 1997). LBP was originally thought to be necessary for CD14 to bind LPS 
(Wright et al., 1992), however, more recent studies suggest that LPS alone can activate 
CD14 or the MD-2-TLR4 complex (Kitchens et al., 1992; Lee et al., 1992; Dentener et al., 
1993; da Silva Correia et al., 2001; Triantafilou and Triantafilou, 2002). Specifically in 
mice, LBP is not necessary for clearance of LPS from blood (Jack et al., 1997) however 
serum LBP is able to bind LPS in circulation (Schumann et al., 1990).  It has also been 
discovered that LBP increases the rate of LPS binding to mCD14 (Hailman et al., 1994).   
LBP has dual function in the immune system and can play either an anti-
inflammatory or pro-inflammatory role when bound to LBP (Ceciliani et al., 2012). At 
high concentrations, LBP acts as an anti-inflammatory molecule by reducing the transfer 
of LPS from CD14 to MD-2/TLR4 complex as well as binding up free LPS.  LBP can also 
associate with chylomicrons to enhance the amount of LPS bound, thus limiting LPS-
induced inflammation and cytokine secretion (Zweigner et al., 2001; Thompson et al., 
2003; Vreugdenhil et al., 2003). LBP is also a component of the local defense mechanism 
protecting the GIT from translocation of bacteria into circulation by transferring LPS to 
hepatocytes instead of hepatic macrophages (Vreugdenhil et al., 2003). When present at 
low concentrations, LBP stimulates a pro-inflammatory response and aides in the transfer 
LPS to CD14 and subsequently the TLR4-MD-2 complex (Thompson et al., 2003). sCD14 
and LBP promote local inflammation but prevent systemic responses by transferring LPS 
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into lipoproteins (Thompson et al., 2003; Kitchens and Thompson, 2005), and this is used 
as a treatment to prevent fatality of mice during septic shock (Lamping et al., 1998).   
In humans, a positive correlation was found between plasma LBP and plasma C-
reactive protein, a biomarker of inflammation in blood (Tremellen et al., 2015), thus 
providing rationale for use of LBP as a marker of inflammation (Opal et al., 1999). Plasma 
LBP and follicular fluid IL-6 were also positively correlated, suggesting that systemic 
endotoxemia is associated with ovarian inflammation (Tremellen et al., 2015).  LBP is 
present in cultured human granulosa-luteal cells and TNF-α is secreted in response to LPS 
exposure (Sancho-Tello et al., 1992). Even though inflammation was observed, no 
correlation was found between LBP and serum testosterone, anti-Müllarian hormone 
levels, the ovarian response to FSH stimulation, number of mature oocytes collected, 
fertilization rate or embryo quality (Tremellen et al., 2015).  
 
Acyloxyacyl Hydrolase  
Acyloxyacyl Hydrolase (AOAH) is a lipase that deacylates and detoxifies LPS and 
lipooligosaccharides within intact cells and inflammatory fluids (Hall and Munford, 1983).  
AOAH releases secondary acyl chains from LPS regardless of the structure of acyl chains 
or location of acyloxyacyl linkage on diglucosamine backbone of LPS (Erwin and 
Munford, 1990). The altered LPS structure affects its function, rendering LPS unable to 
bind to TLR4 and elicit a response, hence detoxifying LPS (Munford and Hall, 1986).  
Granules in human blood neutrophils and lysosomes were found to remove 
nonhydroxylated fatty acids from LPS in a process also known as acyl-D-3-oxyacyl 
hydrolysis (Hall and Munford, 1983). These granules contain lipases, which became 
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known as AOAH.  AOAH is primarily produced in macrophages, neutrophils, and dendritic 
cells (Ojogun et al., 2009) but it has also been shown that AOAH is synthesized in the renal 
cortex within proximal tubules (Feulner et al., 2004). AOAH converts hexaacylated LPS 
to pentaacylated or tetraacylated LPS which contain no agonist properties so they are 
unable to stimulate any response through TLR4 complex formation (Teghanemt et al., 
2005).  Deacylated LPS (dLPS) can compete with LPS for LBP or CD14 binding (Kitchens 
and Munford, 1995) However, binding of dLPS does not stimulate a cellular response 
whereas normal LPS activates TLR4 complex culminating in RELA phosphorylation and 
cytokine production (Kitchens et al., 1992). LBP alone or LBP in coordination with sCD14 
increase the susceptibility of LPS to AOAH detoxification (Gioannini et al., 2007).  The 
chemical modification of LPS due to AOAH activity thus regulates the immune response 
by decreasing the efficiency of LPS to stimulate a signal cascade within the cell (Lu et al., 
2005).   
AOAH cannot act on LPS when the fatty acyl chains are orientated to the inside of 
LPS aggregates or on the outer membrane of bacteria (Gioannini et al., 2007).  AOAH can 
act on LPS-LBP complexes as well as monomeric LPS-sCD14 complexes, suggesting a 
model where LBP and sCD14 transfer of LPS exposes fatty acyl chains to AOAH 
(Gioannini et al., 2007).  However when LPS is transferred and bound to MD-2, the fatty 
acyl chains are less accessible, decreasing the ability of AOAH to deacylate LPS and 
reduce TLR4 activation (Gioannini et al., 2007).  AOAH activity increased in murine 
serum and hepatocytes following a 25 μg bolus of LPS (Ojogun et al., 2009). In these mice, 
AOAH activity peaked at day three and returned to normal levels by day nine, post-
injection of LPS (Ojogun et al., 2009).    
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Acute Phase Proteins 
During inflammation, many cells, predominantly macrophages, produce cytokines 
such as IL-1β, IL-6, and TNF-α at inflammation sites. These cytokines stimulate 
production of plasma proteins, also known as acute phase proteins (APP), in the liver. 
These APP include LBP, serum amyloid A (SAA), and Haptoglobin (Hp). SAA is an acute 
phase protein which exports cholesterol from phagocytosed cell membranes to enhance the 
availability of free phospholipids and cholesterol for new cell membranes needed during 
acute inflammation (Manley et al., 2006). Amyloid A was discovered in 1971 (Benditt et 
al., 1971) and the serum component, SAA was discovered shortly thereafter (Husby and 
Natvig, 1974), and interestingly, the structure has been conserved for some 500 million 
years (Santiago et al., 2000). At the initiation of inflammation, SAA rapidly increases from 
100-1,000-fold (Epstein et al., 1999). Hp, an APP, plays an integral role in binding 
hemoglobin iron to render it inaccessible to bacteria (Eaton et al., 1982).  It is known that 
elevated serum APP is a response to metritis (Smith et al., 1998; Hirvonen et al., 1999) as 
well as retained placenta (Mordark, 2009). Cows with acute puerperal metritis display 
increased serum Hp and SAA compared to healthy cows and the cows with elevated Hp 
took longer to conceive in their subsequent pregnancy, indicating that subclinical uterine 
infection could contribute to poor conception rates and decreased reproductive efficiency 
(Ceciliani et al., 2012).  
 
Oxidative stress and heat stress 
Oxidative stress occurs when the available antioxidant capacity of cells is 
outnumbered by the presence of reactive oxygen species (ROS) (Akbarian et al., 2016). 
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Increased oxidative stress and ROS production is associated with HS in muscle, liver, heart, 
and plasma from multiple species (Burdon et al., 1987; Skibba et al., 1991; Bernabucci et 
al., 2002; Altan et al., 2003; Sahin et al., 2003; McAnulty et al., 2005; Mujahid et al., 2005, 
2007; Lin et al., 2006; Azad et al., 2010; Montilla et al., 2014; Akbarian et al., 2016). 
Oxidative stress can lead to proteolysis and autophagy (Dodd et al., 2010; McClung et al., 
2010; Whidden et al., 2010), as well as impair protein synthesis via prevention of 
translation (Shenton et al., 2006). ROS can also initiate the NFκB signaling pathway, 
thereby playing a role in inflammation (Li et al., 1998; Ji, 2007).  The cellular defense 
mechanisms against ROS include the superoxide dismutase (SOD) 1 and 2 enzymes 
(McCord and Fridovich, 1969; Weisiger and Fridovich, 1973). Zinc and copper are 
cofactors for SOD1 which acts in the intermembrane space of the mitochondria while 
manganese is a cofactor for SOD2 which acts in the mitochondrial matrix to reduce 
superoxide to hydrogen peroxide (Akbarian et al., 2016). An abundance of ROS can lead 
to DNA damage and infertility (Ruder et al., 2009). 
 
Oxidative stress and the ovary 
ROS and oxidative stress plays an important role in normal function of many 
reproductive processes including oocyte maturation, steroidogenesis, ovulation, CL 
function, luteolysis, fertilization, and embryo development. ROS are produced during CL 
regression as well as ovulation primarily due to infiltrating leukocytes and neutrophils 
(Behrman et al., 2001).  Shiotani et al., (1991) first localized SOD1 to theca interna cells 
of tertiary follicles in the human ovary, suggesting it plays a role in protecting the maturing 
oocyte from ROS. Other studies have also demonstrated SOD1 in theca cells, oocytes (El 
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Mouatassim et al., 1999), CL, epithelial cells of isthmus (Ishikawa, 1993), and follicular 
fluid (Shiotani et al., 1991; Sabatini et al., 1999; Attaran et al., 2000). SOD1 and 2 are 
present in theca and granulosa lutein cells of the CL (Shiotani et al., 1991; Suzuki et al., 
1999), and play important roles in P4 production especially during pregnancy (Sugino et 
al., 1999).  SOD2 aids in regulation of luteal regression (Suzuki et al., 1999).  Expression 
of SOD1 and SOD2 correlates with ovarian steroidogenesis (Suzuki et al., 1999).  High 
levels of ROS and oxidative stress can contribute to alterations in follicular fluid and oocyte 
quality (Sabatini et al., 1999), steroidogenesis (Suzuki et al., 1999), CL maintenance and 
luteal regression (Suzuki et al., 1999; Sugino et al., 2000) as well as preeclampsia (Agarwal 
et al., 2003), in utero developmental problems (Sakatani et al., 2004), birth defects, and 
abortions (Ishikawa, 1993; Vega et al., 1998; Jozwik et al., 1999; Behrman et al., 2001; 
Łagód et al., 2001; Agarwal and Allamaneni, 2004). Thus, while ROS are involved in 
normal ovarian processes, perturbations to normal levels of ROS due to exogenous stress 
could negatively affect fertility in production animals. 
 
Summary 
The ovary is a dynamic organ functioning to produce viable female gametes as well 
as the female sex steroid hormones. In production animals, negative impacts on fecundity 
and fertility is both an animal welfare and economic issue. Many stressors such as elevated 
temperature, endotoxemia, altered metabolism, or genetic selection may result in negative 
impacts on the ovary and subsequently compromised female reproduction. There has been 
extensive research in this area, nevertheless, there are as many, if not more, unanswered 
questions that still warrant investigation.  While a link between HS, endotoxemia, and 
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impaired female reproduction is supported by the literature summarized above, substantive 
evidence thereof is lacking.  Additionally, as summarized in Table 1, LPS studies have 
traditionally subjected animals to single acute bolus exposures, however, this is not 
representative of a real-life exposure paradigm: animals experiencing HS or infection are 
experiencing chronic, low-level LPS exposure, thus the central hypothesis under 
exploration in this thesis is that HS-induced endotoxemia negatively impacts ovarian 
function and reproductive capacity in economically important production animals.  To test 
this hypothesis, post-pubertal gilts and dairy cows were chronically exposed to HS or LPS, 
and the effects on TLR4, PI3K, steroidogenic, and oxidative stress pathways were 
determined using quantitative reverse transcriptase polymerase chain reaction (qRT-PCR), 
western blotting, immunofluorescence staining, enzyme-linked immunosorbent assay 
(ELISA), as well as characterizing phenotypic animal responses to both HS and LPS 
exposures. 
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Table 1.1  Summary of lipopolysaccharide effects on fertility: in vivo experiments   
Species Route Duration Dose Citation Results 
Ewes 
  
  
  
  
  
  
  
intra-amniotic  Single injection 
  
0.1 - 10 mg  Newnham et al., 
2005 
Fetal death 
i.v. 400 ng/kg Battaglia et al., 1997 Ovariectomized. Increased  P4, 
Decreased LH 
26 h 300 ng/kg Battaglia et al., 2000 Decreased E2 and LH 
2x (2 week interval) 400 ng/kg Herman et al., 2010 Decreased LH, Increased 
prolactin, No effect on FSH 
Rats  s.c.  Daily injections for 2 
or 6 d  
2 mg/kg or 20 
μg/kg  
Shakil et al., 1994 Decreased P4 and E2,  
Fewer large preovulatory 
follicles  
Rhesus monkey  i.v. 2x daily for 5 d 150 μg Xiao et al., 1999 Decreased  P4  
Trout i.p.  Single injection 3 mg/kg  MacKenzie et al., 
2006 
Induced apoptosis 
No effects on germinal vesicle 
break down  
  
Gilts  Permanent 
cannulas 
Single injection 
  
  
  
0.5, 1, 2, 3 μg/ 
kg  
Cort, 1986 Abortions  
0.5, 1, 2, 3 μg/ 
kg  
Cort et al., 1986 No change is cycle length. 
Decreased P4, increased PGF2α  
intrauterine 50, 250, or 
1,250 μg 
Tuo et al., 1999 No effect on P4 plasma, fetal 
survival or development. 
Increased fetal weight and 
amniotic fluid vol. 
i.v. 36 mg Wrathall et al., 1978 Abortions  
mixed into 
ration 
  40 mg  Cort et al., 1990 Increased PGF2α 
No change in P4 
Goats intrauterine  injected 1 or 2x 0.1 - 5.2 μg/kg  Fredriksson et al., 
1985 
No hormonal changes 
 i.v. 0.1 - 5.2 μg/kg  Fredriksson et al., 
1985 
Increased PGF2α, decreased P4, 
abortions 
3
3
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Table 1.1 continued  
Heifers  
  
  
  
  
  
intrauterine 
 
every 6 h for 10 trts 5 μg/kg Peter et al., 1990 Decreased E2 production, 
inhibited LH surge, no change in 
P4  
5 μg/kg Peter et al., 1989 Inhibited LH surge and 
ovulation, caused ovarian cysts 
every 6 h for 9 d  3 μg/kg Lüttgenau et al., 2016 Premature CL luteolysis, 
increased PGF2α metabolites, 
decreased P4, reduced luteal size 
and blood flow 
intrauterine or 
i.v  
Single injection 5 μg/kg Gilbert et al., 1990 i.v.: Increased P4, PGF 
metabolites, cycle length was 
unchanged 
i.v.  Single injection 
  
5 μg/kg Suzuki et al., 2001 Decreased LH pulse frequency, 
E2, increased LH pulse 
amplitude, P4. Delayed LH 
surge 
0.01 μg/kg  Kujjo et al., 1995 Ovariectomized. Increased P4, 
decreased E2 and LH 
Lactating Cows intrauterine 2x @ 5 and 20 DIM 5 μg/kg Peter et al., 1990a Increased PGF2α metabolites 
i.v. or IMa  Single injection 0.5 ug/kg  (iv) 
or 10 ug 
(IMM) 
Lavon et al., 2008 No change in E2 yet delayed or 
inhibited ovulation 
IMa  Single injection 
   
200 μg Lüttgenau et al., 
2016b 
No change in P4, luteal size or 
luteal blood flow  
10 ug Lavon et al., 2011 Decreased follicular E2, P4 
Non-lactating 
Cows 
i.v.  Single injection 0.5 μg/kg  Herzog et al., 2012 Decreased luteal size and luteal 
blood flow, Increased P4 and 
PGE 
6 h 1.0 or 2.5 μg/ 
kg 
Giri et al., 1990 Abortions, increased PGF2α, 
decreased P4  
      
 
 
 
    
3
4
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Table 1.1 continued  
Mice i.p 
  
  
  
  
  
  
  
  
Single injection 10 μg Buhimschi et al., 
2003 
Preterm birth, stillborns 
50 μg/mouse Fidel et al., 1994 Preterm birth 
0.5 ug/g BW Ogando et al., 2003 Resorptions 
100 μg/mouse Bromfield and 
Sheldon, 2013 
Decreased primordial follicle 
pool, increased follicle atresia 
1.0 μg/g Aisemberg et al., 
2013 
Resorptions, decreased P4  
0.4 - 2 mg/kg  Salminen et al., 2008 Preterm birth, stillborns 
2.4 mg/kg Rounioja et al., 2005 Fetal defects 
Single injection or 
multiple at 1 - 6 h 
intervals d 12 - 17  
0-100 mg Kaga et al., 1996 Preterm birth 
2x 10 μg/kg then 
120 μg/kg 
Xu et al., 2007 Pre-treatment of LPS saved 
embryonic resorption 
i.v. 
  
  
  
  
Single injection 10 μg Harper and Skarnes, 
1972 
Abortions  
7.5x106 E.coli Coid et al., 1978 Resorptions 
1.5 - 20 μg Skarnes and Harper, 
1972 
Abortions  
2 - 5 ug  Rioux-Darrieulat et 
al., 1978 
Abortions  
0.1 μg Zhong et al., 2008 Abortions  
intra-amniotic  Single injection 0.25 μg Rounioja et al., 2003 Fetal defects 
intracervical  Single injection 
 
Reznikov et al., 1999 Resorptions 
intrauterine Single injection 250 μg Elovitz et al., 2003 Preterm birth 
s.c.  Single injection 0.5 mg/kg  Chua et al., 2006 Resorptions, lower fetal weight 
0.25 mg or 
0.147 mg  
Coid, 1976 Resorptions, lower fetal weight 
3
5
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ABSTRACT 
Heat stress (HS) occurs when ambient environmental conditions impede heat 
dissipation causing animals to accumulate a thermal load. HS causes seasonal infertility 
(SI) in swine, characterized by increased abortions, smaller litters, delayed onset of puberty 
and longer wean-to-estrus intervals. To evaluate how HS causes SI, post-pubertal gilts 
(n=12) were orally administered altrenogest to synchronize estrous cyclicity, thus ensuring 
occurrence of HS during the follicular phase. Gilts (126.0 ± 21.6 kg) were then subjected 
to either 5 d of thermal neutral (TN; 20.3˚C ± 0.5˚C; n = 6) or cyclical HS (25.4 – 31.9°C; 
n = 6) conditions. All gilts were limit-fed 2.72 kg/d and had ad libitum access to water. 
Following their environmental exposure, gilts were euthanized, and ovaries collected. 
Dominant follicles were aspirated and whole ovarian homogenate used for protein 
abundance analysis via western blotting. Before euthanasia, blood samples were obtained 
via venipuncture. Feed intake decreased in HS animals (22%; P = 0.03). Plasma insulin 
levels did not differ, but the insulin:feed intake ratio was elevated in HS gilts (353%; P = 
0.02). Protein abundance of the insulin receptor was increased in HS (29%; P < 0.01) 
compared to TN gilts, but insulin receptor substrate 1, and total and phosphorylated AKT 
protein abundance were not impacted by HS (P > 0.05). Plasma and follicular fluid 17β-
estradiol and progesterone concentrations were unchanged (P > 0.05) by HS. Neither the 
steroidogenic proteins STAR and CYP19A1 nor the steroid metabolism enzyme, ABCC1, 
protein abundance were impacted by HS (P > 0.05), however, increased SULT1E1 protein 
abundance (44%; P = 0.02) was observed in HS gilts.  Plasma and follicular fluid 
lipopolysaccharide (LPS)-binding protein concentrations nor AOAH level (LPS 
detoxifying protein) were affected by environment (P > 0.05). Ovarian TLR4 protein 
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increased (36%; P = 0.05) as did phosphorylated REL-assoicated protein (31%; P = 0.02) 
in HS relative to TN gilts. TLR4 protein was localized to mural granulosa cells in the 
porcine ovary. SOD1 and 5-mC were unaffected by HS (P > 0.05). In conclusion, 
hyperinsulinemia and endotoxemia, observed in the heat-stressed pig, alter some aspects 
of ovarian signaling, a scenario that potentially contributes to SI.  
Keywords: Heat stress, lipopolysaccharide, ovary, insulin, Toll-like receptor 4 
 
INTRODUCTION 
Seasonal infertility (SI) as a consequence of heat stress (HS) annually costs the 
Iowa and United States swine industries an estimated $450 million, respectively (Pollman, 
2010). Swine are inherently susceptible to HS because they lack functional sweat glands. 
Additionally, increased genetic selection pressures to increase reproductive and growth 
performance traits in concert with lean carcass production has collectively created a more 
thermal sensitive pig (Brown-Brandl et al., 2004; Bloemhof et al., 2008; Renaudeau et al., 
2012). During HS, typically during warm summer months in North America, reproductive 
efficiency reaches an annual nadir. In swine, SI manifests phenotypically as spontaneous 
abortion (Love, 1978), delayed puberty onset (Bertoldo et al., 2009), longer wean-to-estrus 
intervals (Prunier et al., 1994), and fewer piglets born (Omtvedt et al., 1971).  
An imbalance of thermal energy flowing in and out of the animal can cause HS. 
During HS, blood flow is directed to the periphery of the animal to maximize heat 
dissipation (Lambert et al., 2002) creating a hypoxic environment in the gastrointestinal 
tract which subsequently compromises intestinal integrity (Hall et al., 1999). Reduced 
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intestinal epithelial barrier functionality results in translocation of lipopolysaccharide 
(LPS), a gram-negative bacterial cell wall component, into circulation (Hall et al., 2001; 
Turner, 2009; Pearce et al., 2013), resulting in systemic endotoxemia.  Though HS animals 
become hypophagic, a paradoxical characteristic observed during HS is increased basal 
and stimulated circulating insulin (Torlińska et al., 1987; Itoh et al., 1998; Wheelock et al., 
2010; Pearce et al., 2013).  Interestingly, LPS exposure itself increases systemic insulin 
concentrations (Waldron et al., 2006; Rhoads et al., 2009; Baumgard and Rhoads, 2013; 
Kvidera et al., 2017), thus HS-induced hyperinsulinemia may indirectly arise from 
compromised intestinal barrier integrity. 
Insulin plays a key role in reproduction, stimulating steroidogenesis (Barbieri et al., 
1983), as well as follicular development and proliferation of granulosa cells (Willis and 
Franks, 1995; Nestler et al., 1998; Poretsky et al., 1999). In our previous work in pre-
pubertal gilts experiencing HS, protein abundance of the ovarian insulin receptor (INSR) 
was increased by HS, and mRNA encoding the insulin receptor substrate 1 (IRS1) and 
phosphorylation of IRS1 protein were also increased indicating HS-induced hyperinsulin 
responsiveness during HS. Furthermore, phosphorylation (and thereby activation) of the 
central mediator of the phosphatidinositol-3 kinase (PI3K) pathway, AKT, was increased 
during HS (Nteeba et al., 2015).  LPS activates Toll-like receptor 4 (TLR4) signaling 
pathways culminating in phosphorylation of REL-associated protein (pRELA), a subunit 
of transcription factor nuclear factor kappa B and cytokine production (Akira et al., 2006), 
both of which could potentially affect PI3K/AKT signaling. Thus, both insulin and 
endotoxemia can alter the action of the PI3K pathway, which has been demonstrated to be 
crucial for proper folliculogenesis (Reddy et al., 2005; Liu et al., 2006; Reddy et al., 2008), 
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oocyte viability (Brown et al., 2010) and steroidogenesis  (Zeleznik et al., 2003; Chen et 
al., 2007).      
A major ovarian function is synthesis of the ovarian steroids 17β-estradiol and 
progesterone from the dominant follicles and corpora lutea.  Ovarian hormone synthesis is 
initiated by cholesterol uptake in the mitochondria by the action of steroidogenic acute 
regulatory protein (STAR). Cholesterol is converted into pregnenolone which diffuses 
back into the cytoplasm and is converted to progesterone via 3β-hydroxysteroid 
dehydrogenase (HSD3β).  Alternatively, pregnenolone can be converted to 17α-OH-
pregnenolone which is further metabolized into androstenedione and/or testosterone, both 
of which can be irreversibly metabolized to estrone and 17β-estradiol by cytochrome P450 
family 19 subfamily A (CYP19A1).  We previously demonstrated that steroid hormone 
production genes and proteins were altered by HS in pre-pubertal gilts. Low density 
lipoprotein receptor (LDLR), luteinizing hormone/choriogonadotropin receptor (LHCGR), 
and CYP19A1 mRNA abundance were increased after both 7 d of HS and STAR protein 
was increased after 35 d of HS. Additionally, CYP19A1 protein levels increased after 7 d 
and 35 d of HS (Nteeba et al., 2015). These findings suggest that HS impairs ovarian 
steroidogenesis.   
LPS stimulates immunoactivation and systemic inflammation and sepsis can also 
occur during endotoxemia (Beutler, 2004). Although the synthesis and release of cytokines 
is necessary for follicular development and ovulation (Machelon and Emilie, 1997; 
Bornstein et al., 2004; Gérard et al., 2004) excess cytokine production can be detrimental 
to fertility (Adashi et al., 1989; Ghersevich et al., 2001; Herath et al., 2007). In dairy cows 
exposed to LPS, reduction of the primordial follicle pool has been observed, indicating that 
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endotoxemia could impact ovarian folliculogenesis (Bromfield and Sheldon, 2013). 
Additionally, animal models studying preterm labor utilize LPS to induce spontaneous 
abortion; LPS causes early pregnancy loss in mice (Harper and Skarnes, 1972; Rioux-
Darrieulat et al., 1978; Zhong et al., 2008; Aisemberg et al., 2013; Lei et al., 2015), sheep 
(Newnham et al., 2005), goats (Fredriksson et al., 1985), cows (Giri et al., 1990), and pigs 
(Wrathall et al., 1978). Human trophoblast cells cultured with LPS increase pro-
inflammatory macrophage production (Li et al., 2015).  LPS increases prostaglandin F2 
alpha (PGF2α) release (Roberts et al., 1975) leading to a decline in progesterone 
concentration, CL regression and spontaneous abortion in goats (Fredriksson et al., 1985). 
Despite these ovarian findings in multiple species, there is little to no information on the 
impact of LPS exposure on the porcine ovary.  
The endotoxin response includes a variety of mechanisms: lipopolysaccharide-
binding protein (LBP) is multifunctional and facilitates LPS activation of TLR4 
(Schumann, 2011) to elicit a pro-inflammatory response, as well as transferring LPS to 
lipoproteins (Wurfel and Wright, 1995; Kirschning et al., 1997) and chylomicrons thereby 
shuttling LPS to hepatocytes instead of hepatic macrophages for clearance as an anti-
inflammatory mechanism (Harris et al., 1993). In addition, acyloxyacyl hydrolase (AOAH) 
is produced in neutrophils, macrophages, and dendritic cells, predominantly in the liver 
and spleen (Hall and Munford, 1983; Ojogun et al., 2009), and cleaves the lipid A moiety 
of LPS rendering it unable to activate the TLR4 complex (Erwin and Munford, 1990). Also, 
LBP induces a structural rearrangement in LPS making it more accessible to AOAH 
(Gioannini et al., 2007), thereby facilitating LPS detoxification.  
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Though HS-induced SI is already a massive problem currently facing pork 
production industries, more intense and frequent heatwaves are also expected worldwide 
(Luber and McGeehin, 2008) with a predicted increase in global average surface 
temperature between 1.8 - 4˚ C (IPCC, 2007; Renaudeau et al., 2012).  Thus, HS-induced 
SI is an issue likely to grow in importance and this will have profound impacts on global 
animal agriculture economics and potentially threaten food security in som emerging 
coutnries.  Our observations in pre-pubertal gilts (Nteeba et al., 2015), provided the 
rationale to investigate the hypothesis that both HS-induced hyperinsulinemia and 
endotoxemia would affect ovarian functional signaling pathways in post-pubertal gilts. 
Therefore, our objective was to characterize how HS during the follicular phase affects 
ovarian function in post-pubertal gilts.  
 
MATERIALS AND METHODS 
Reagents 
Matrix™ (altrenogest) was obtained from Merck Animal Health (Summit, NJ). 2-
Mercaptoethanol (M3148), BSA; A2153), EDTA; (E7889), Trizma® base (T1503-500G), 
were obtained from Sigma Aldrich (St. Louis, Missouri). Precision Plus Protein™ 
Kaleidoscope™ (161-0375), Mini-PROTEAN®TGX Gels (456-1096) were obtained from 
BioRad Laboratories (Hercules, CA).  Pierce bicinchoninic acid assay (BCA) Protein 
Assay Kit (23227), Ponceau S (BP103-10), Glycine (G46-1), SDS (BP166-100), Glycerol 
(G33-500), Bromophenol blue (BP115-25), iBind Solution Kit (SLF1020), iBind Cards 
(SLF1010), iBlot®2 NC Regular Stacks (IB23001), Citrisolv™ Hybrid Solvent (04-355-
121), Sodium Citrate Dihydrate (S279-500), SlowFade® Gold antifade reagent with DAPI 
(S36938), Phosphate buffered saline (PBS; BP665-1), Tween20 (BP337-500), SeeBlue® 
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Plus2 Prestained Standard ladder (LC5925), TLR4 (HTA125), RELA pSer536 (PA5-
6545), Teknova 1M Tris-HCl pH 7.4 (T5074), were obtained from ThermoFisher Scientific 
(Rockford, IL). Antibodies directed against AOAH D-15 (sc-163692), goat polyclonal IgG 
(sc-2025), Mouse anti-goat IgG-HRP (sc-2354) and estrogen sulfotransferase (SULT1E1) 
H-40 (SC-292049) were from Santa Cruz Biotechnology (Santa Cruz, CA). Antibodies 
directed against STAR (8449S), CYP19A1 (14528S), AKT (9272S), pAKT T308, 
(C31E5E), multidrug resistant associated protein (ABCC1) (14685), Anti-mouse IgG, 
HRP-linked (7076P2), Anti-rabbit IgG-HRP (7074P2), Anti-mouse IgG (H+L) F(ab’)2 
Fragment, AlexaFluor® 488 conjugate (4408), SignalFire enhanced chemiluminescent 
(ECL) Reagent (6883) from Cell Signaling Technology® (Danvers, MA).  Life 
technologies Image-iT™ FX signal enhancer I36933, the immunofluorescence TLR4 
(NB100-56566), Superoxide dismutase 1 (SOD1; NB1-31204), 5-MeCytosine (NBP2-
42814), IRS1 (NB100-82001) primary antibodies were from Novus Biologicals (Littleton, 
CO).  INSR antibody (250721) was from Abbiotec (San Diego, CA). Porcine insulin 
ELISA (10-1200-01) was from Mercodia (Uppsala, Sweden). LBP assay was from Hycult 
Biotech (HK503; Uden, Netherlands). 17β-estradiol (EIA 2693) and progesterone (EIA 
156) assays were from DRG Diagnostics (Marburg, Germany).  
 
Animals 
All animal procedures were approved by the Iowa State University Institutional 
Animal Care and Use Committee.  The animal live phase has been described elsewhere 
(Hale et al., under review) and is illustrated in Fig. 1.  Briefly, twelve post-pubertal gilts 
(126.0 ± 21.6 kg) were synchronized for 14 d by orally administering altrenogest, 
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commercially known as Matrix®, to ensure that gilts were heat-stressed during the follicular 
phase of the estrous cycle.  Immediately after altrenogest withdrawal, gilts were split in 
two cohorts (n = 6) and exposed to cyclical HS or thermal neutral (TN) conditions for 5 d.  
Gilts were exposed to either constant TN conditions (20.3˚C ± 0.5˚C) or cyclical HS (25.4 
– 31.9°C) to imitate a diurnal heat load pattern.  Per industry standards, both groups were 
limit-fed 2.72 kg per day and had ad libitum access to water. Feed intake was measured 
daily.  
 
Tissue collection and protein isolation 
Blood samples were collected before euthanasia. At the end of the experimental 
period, gilts were euthanized by captive bolt penetration followed by exsanguiation and 
ovaries were collected. Each gilt had one ovary snap-frozen in liquid nitrogen, which was 
then stored at -80˚C and the contralateral ovary was fixed in 4% paraformaldehyde, 
transferred to 70% ethanol 24 h later and stored at room temperature for histological 
staining.  Ovarian samples were broken up by a mortar and pestle, homogenized in 10 mM 
phosphate buffer with 2% SDS, followed by centrifugation, and the supernatant saved. 
Briefly, tissue samples were placed in lysis buffer, homogenized, centrifuged, and 
supernatant was collected.  Protein concentration quantification for all samples were 
performed by BCA assay.  
 
Western blotting 
Protein samples (50 μg) were seperated at 50 volts (V) for 5 min followed by 90 V 
for 1 h. Protein was transferred onto a nitrocellulose membrane using the iBlot system (20 
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V for 1 min, 23 V for 4 min, and 25 V for 2 min).  Ponceau S staining was performed to 
verify equal protein loading across wells.  Membranes were blocked in 5% BSA in PBS 
for a minimum of 1 h at room temperature (RT).  After blocking, membranes were 
incubated in primary antibodies directed against TLR4 (1:250); pRELA (1:200); AOAH 
(1:200); STAR (1:1000); CYP19A1 (1:500); AKT (1:1000); P-AKT (1:500); SOD1 
(1:1000); SULT1E1 (1:100); ABCC1 (1:100); INSR (1:1000); IRS1 (1:1000); and 5mC 
(1:1:000) which were diluted in 5% BSA in PBS overnight at 4˚C.  After primary 
incubation, membranes were washed three times in phosphate buffered saline with 0.2% 
Tween 20 (PBST). Species-specific secondary antibody was applied and membranes 
incubated for 1 hr at RT, followed by three more washes in PBST.  ECL substrate was 
applied to the membrane for 3 min in the dark and the membrane imaged using a 
ChemiImager 5500 (Alpha Innotech, San Leandro, CA) with AlphaEaseFC software 
(v3.03 Alpha Innotech). The sum of the gray values of all the pixels in the selection divided 
by the number of pixels, or mean gray value was quantified for each membrane using 
ImageJ software.  Membranes were normalized to Ponceau S images to account for loading 
error. To ensure antibody specificity, negative control blots for each antibody used were 
performed; primary only, secondary only, and normal IgG in place of primary antibody 
with secondary controls (see appendix; supplemental Fig. 1 and 2).  
 
Immunofluorescence staining 
Ovarian tissues were paraffin embedded, sectioned 5 µm thick, and mounted on 
microscope slides.  Slides were deparaffinized using Citrisolv™ Hybrid Solvent, 
rehydrated by incubation for 3 min twice in 100% ethanol, 95% ethanol for 1 min, 80% 
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ethanol for 1 min, followed by rinsing in distilled and deionized water.  Antigen retrieval 
was performed by incubating slides in EDTA buffer (Sodium Citrate, Citric Acid, 
Tween20, water) at 95˚C for 30 min.  Tissue sections were blocked in Image-iT™ FX 
signal enhancer for 1 h.  Primary antibody against TLR4 (1:200; Novus Biologicals) was 
applied to each section and incubated overnight at 4˚C.  Slides were washed thrice in PBS 
and incubated in fluorescent secondary antibody (anti-mouse IgG (H+L) F(ab’)2 Fragment, 
AlexaFluor® 488 conjugate; 1:1000 dilution) for 1 h at room temperature.  Slides were 
washed thrice in PBS and 4',6-diamidino-2-phenylindole (DAPI) stain applied to each 
section.  Slides were stored in the dark at 4˚C to prevent fading. Images were collected on 
a Leica fluorescent microscope at 400× magnification. Three animals per treatment with 1 
slide per animal were stained. A minimum of 5 images of different granulosa cell 
populations from tertiary follicles per slide were analyzed. Area of granulosa cells per 
image was selected for quantification of intensity using ImageJ software. To ensure 
antibody binding specificity, negative controls omitted either the primary antibody, 
secondary antibody, or both. Mouse IgG was used in place of the primary antibody to 
control for antibody isotope nonspecific binding (see appendix; supplemental Fig. 3).  
 
Quantification of circulating insulin 
Mercodia Porcine Insulin ELISA kit was used to quantify insulin in plasma samples 
collected from gilts on d 5 before euthanasia.   
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Steroid hormone quantification from plasma and follicular fluid  
LBP concentrations were measured using a commercially available assay. Plasma and 
follicular fluid 17β-estradiol and progesterone concentrations were measured using EIA. 
 
Statistical Analysis  
Western blot and immunofluorescence images were quantified using ImageJ and 
unpaired t-tests were analyzed in GraphPad Prism.  Feed intake, insulin, LBP, 17β-
estradiol, and progesterone concentrations were analyzing in SAS (Cary, NC) with a PROC 
MIXED analysis procedure.  Statistical significance is denoted with an * symbol indicating 
a P value < 0.05, and ** symbol indicating a P value < 0.01.  
 
RESULTS 
HS increased rectal temperature in post-pubertal swine 
Gilts were successfully heat-stressed as indicated by average increased rectal temperatures 
in HS (39.8 ± 0.15˚C) compared to TN (38.8 ± 0.18˚C) gilts (P < 0.01) during a 6 h period 
of maximum heat load each day (Hale et al., under review). 
 
HS reduced feed intake and increased the insulin:feed intake ratio 
Feed intake was decreased (22%; P = 0.03) in HS gilts compared to TN controls (Fig. 
2.2A). While envirnoment did not impact (P > 0.05) basal circulating insulin levels 
between treatment groups (Fig. 2.2B), the insulin:feed intake ratio was increased (19%; P 
= 0.02) in HS compared to TN gilts (Fig. 2.2C).  
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Insulin signaling was unchanged by HS in post-pubertal gilt ovaries 
INSR protein was increased (29%; P < 0.01; Fig. 2.3A) however IRS1 protein abundance 
was unchanged (P > 0.05; Fig. 2.3B) by HS exposure.  Additionally, the central mediator 
of PI3K signaling, AKT, was unchanged (P > 0.05; Fig. 2.4A) by HS, nor was AKT 
phosphorylation status impacted (P > 0.05; Fig. 2.4B) by environment.  
 
HS did not affect 17β-estradiol and progesterone plasma or follicular fluid 
concentrations, steroidogenic protein abundance but altered a steroid hormone 
metabolism protein 
17β-Estradiol concentrations in follicular fluid (TN: 616.5 ± 293.2 ng/mL and HS: 584.5 
± 321.2 ng/mL) or plasma (TN: 27.29 ± 3.14 pg/mL and HS: 25.34 ± 3.14 pg/mL) were 
unaffected by environmental treatment (Fig. 2.5; P > 0.05). Similarily, progesterone 
concentrations in either follicular fluid (TN: 405 ± 199 ng/mL and HS: 328 ± 199 ng/mL) 
or plasma (TN: 0.33 ± 0.04 ng/mL and HS: 0.26 ± 0.04 ng/mL) were not affected by 
treatment (Fig. 2.6; P > 0.05). No impact of HS on protein abundance of STAR (Fig. 2.7A) 
or CYP19A1 (Fig. 2.7B) was observed (P > 0.05), however, HS increased SULT1E1 (44%; 
P = 0.02; Fig. 2.7C) but did not impact multidrug resistant associated protein ABCC1 (Fig. 
2.7D; P > 0.05) protein level. 
 
Circulating LBP unaffected but LPS induced signaling pathways increased by HS 
No difference in LBP concentration was observed (P > 0.05; Fig. 2.8) between TN and HS 
pigs in either follicular fluid (TN: 20.29 ± 4.6 μg/mL and HS: 20.9 ± 5.1 μg/mL) or plasma 
(TN: 18.52 ± 2.9 μg/mL and HS: 19.32 ± 2.9 μg/mL).  TLR4 protein was localized to mural 
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granulosa cells of antral follicles (Fig. 2.9A, B) but no treatment differences in TLR4 
protein abundance was observed by immunostaining (Fig. 2.9D). In contrast, TLR4 
increased (36%; P = 0.05) was observed in HS pigs compared to TN controls using western 
blotting. Additionally, downstream of TLR4, pRELA was also increased (31%; P = 0.02) 
during HS (Fig. 2.10). 
 
Neither LPS detoxification, oxidative stress or cytosine methylation are impacted in the 
ovary of HS gilts 
Superoxide dismutase 1 (SOD1; Fig. 2.11), AOAH (Fig. 2.12) and 5-methyl cytosine 
(5mC; Fig. 2.13) were detectable in ovarian tissue homogenates of post-pubertal gilts but 
were unchanged (P > 0.05) in abundance due to HS.  
 
DISCUSSION 
Increased abortions (Love, 1978), delayed puberty (Bertoldo et al., 2009), longer 
wean to estrus intervals (Prunier et al., 1994), and fewer piglets born (Omtvedt et al., 1971) 
are characteristics of SI in pigs. Swine are inherently susceptible to HS and genetic 
selection for improved production variables has decreased their thermal tolerance (Brown-
Brandl et al., 2004; Bloemhof et al., 2008; Renaudeau et al., 2012). Pearce et al., (2013) 
have demonstrated compromised intestinal barrier integrity during HS: because of 
hyperthermic induced redirecting of blood flow to the periphery and vasoconstriction in 
the splanchnic bed (Hall et al., 1999; Lambert et al., 2002).  The aforementioned scenario 
creates intestinal hypoxia and this is thought to be a primary reason for HS-induced 
hyperpermability of the intestine (Rollwagen et al., 2006) and eventual barrier infiltration 
of luminal content like LPS (Pearce et al., 2013; Kvidera et al., 2017).  Paradoxically, heat-
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stressed animals (despite being hypophagic) have increased basal and stimulated 
circulating insulin (Baumgard and Rhoads, 2013), a phenomenon likely to be the direct 
result of LPS (Baumgard et al., 2016).  
To characterize the effects of HS-induced hyperinsulinemia and endotoxemia on 
the ovary, post-pubertal cycling gilts experienced either 5 d of TN or cyclical HS during 
the follicular phase of the estrous cycle and ovaries were collected immediately before 
ovulation. Gilts that experienced HS exhibited lethargic behavior, decreased feed intake, 
and increased rectal temperatures (Hale et al., under review).  HS gilts also had greater 
circulating insulin levels relative to TN gilts even though less feed was consumed.  
Consequently, the thermal and endocrine phenotypes clearly indicate we successfully 
implemented a marked heat load.  
Insulin binds to its cell surface receptor stimulating autophosphorylation of IRS 
proteins 1-4 (Sweet et al., 1987; Backer et al., 1992; Cheatham and Kahn, 1995) which are 
upstream of the PI3K pathway (Akamine et al., 2010).  We have previously discovered 
increased expression of both the INSR and IRS1 in ovaries of pre-pubertal gilts exposed to 
7 and 35 d of HS, demonstrating ovarian sensitivity to elevated insulin during HS (Nteeba 
et al., 2015). Additionally, increased phosphorylation of IRS1 protein at tyrosine 632 was 
observed in those pre-pubertal gilts (Nteeba et al., 2015) indicating activation of ovarian 
insulin signaling.  In the current study, increased INSR was induced during HS, however, 
no impact on IRS1 protein abundance was noted.  Thus, activation of insulin signaling in 
post-pubertal gilts differed from those that had not entered puberty and in which the 
gonadotrophins and ovarian steroid hormones were absent.   
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Downstream of PI3K in the signaling cascade lies AKT (Kohn et al., 1996; 
Bandyopadhyay et al., 1997) and phosphorylation of AKT causes its translocation to the 
nucleus where pAKT regulates a host of transcription factors. PI3K/AKT signaling is 
involved in many cell processes but proper PI3K signaling is integral for ovarian function, 
including regulation of primordial follicle recruitment and activation (Reddy et al., 2005; 
Liu et al., 2006; Reddy et al., 2008), oocyte viability (Brown et al., 2010), and 
steroidogenesis (Zeleznik et al., 2003; Chen et al., 2007). In the current experiment, no 
effects of HS on post-pubertal gilts ovarian AKT or pAKT were observed, a surprising 
result considering that these impacts were evident in gilts experiencing HS before pubertal 
onset (Nteeba et al., 2015).   
17β-estradiol and progesterone are ovarian-produced steroid hormones.  
Progesterone is produced from both granulosa and theca cells while 17β-estradiol is 
produced only from granulosa cells (Falck, 1959). Granulosa cells produce the enzyme 
CYP19A1 which facilitates conversion of androgens to estrogens (Bjersing and 
Carstensen, 1964; Ryan and Short, 1965).  During the follicular phase, leading up to 
ovulation, 17β-estradiol production from the dominant follicle(s) increases (Goding et al., 
1969; Scaramuzzi et al., 1971; Diskin et al., 2003) and is integral to stimulating the 
luteinizing hormone surge required for ovulation.  LPS can alter 17β-estradiol production 
(Herath et al., 2007; Shimizu et al., 2012) and LPS-induced effects on CYP19A1 
expression in granulosa cells have been demonstrated (Herath et al., 2007; Price et al., 
2013). Dairy cows exposed to HS have decreased levels of LH (Madan and Johnson, 1973), 
potentially due to decreased 17β-estradiol production. Granulosa cell proliferation, 17β-
estradiol and progesterone secretion, as well as an abundance of genes involved in 
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steroidogenesis, were decreased during HS in cultured murine granulosa cells (Luo et al., 
2016).  In pre-pubertal gilts, both STAR and CYP19A1 (responsible for the first and last 
steps, respectively, of 17β-estradiol production) were dramatically increased in abundance 
in whole ovarian tissue homogenates from gilts experiencing HS (Nteeba et al., 2015), thus 
there was rationale for investigating potential steroidogenic impacts of HS in post-pubertal 
gilts at the peak of 17β-estradiol production. We aspirated follicular fluid and sampled 
blood to quantify both 17β-estradiol and progesterone at the stage of Graafian follicle 
dominance where high levels of 17β-estradiol are expected.  In spite of our previous 
discoveries in pre-pubertal gilts, in the current experiment, environment had little or no 
effect on 17β-estradiol or progesterone abundance in serum or follicular fluid in post-
pubertal gilts. Also, no environmental effects on STAR or CYP191A1 protein abundance 
were discovered, and this agrees with the lack of a treatment effect on steroid hormone 
production.  Thus, there may be differential ovarian endocrine disrupting effects of HS 
dependent on the stage of reproductive life at which a female is exposed.     
Based upon our previous findings in pre-pubertal gilts, we hypothesized that HS 
might affect the abundance of SULT1E1 and ABCC1, thereby altering ovarian 17β-
estradiol level.  SULT1E1 is a cytosolic enzyme that catalyzes estrogen sulfonation (Li et 
al., 2013; Polei et al., 2014). In humans, SULT1E1 has a high affinity for catalyzing the 
sulfoconjugation of 17β-estradiol and estrone at the 3-hydroxyl terminal (Li et al., 2013). 
It is also present in the porcine uterine endometrium and is increased at d 12 of pregnancy, 
but persists at low levels throughout the rest of the porcine gestational term (Kim et al., 
2015). ABCC1 transports sulfate conjugated substrates and is expressed in most tissues 
and localized in polarized cells of the basolateral membrane (Glavinas et al., 2004).  
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Though not previously classified in the porcine ovary, we proposed in this study that 
SULTE1 enzyme catalyzes sulfonation-mediated inactivation of 17β-estradiol, followed 
by transport from the ovary by the drug transporter protein ABCC1.  While no effect of HS 
was noted on ABCC1, increased SULT1E1 was observed in ovaries from HS gilts.  It is 
noteworthy that both of these enzymes were expressed at a high level in the porcine ovary.  
Additionally, it is also worth considering that the time of tissue collection represents a 
physiological timepoint at which steroid metabolism may be initiated, as indicated by 
increased SULT1E1, but, there is also potential for these enzymes to be altered at different 
stages of the estrous cycle during HS, dependent on the ovarian requirement for local 
steroid hormone metabolism.  
As previously mentioned, due to compromised intestinal barrier function, 
circulating LPS is elevated during HS. In coordination with other proteins on the cell 
surface, TLR4 binds LPS and initiates a signal cascade culminating in the activation of 
transcription factor nuclear-factor kappa by phosphorylation of subunuit, REL-associated 
protein (pRELA) and translocation to the nucleus (Poltorak et al., 1998; Hoshino et al., 
1999). Activated NFκB upregulates expression of cytokines, such as interleukin-6 and 
interleukin-8 (Akira et al., 2006; Lu et al., 2008). TLR4 has been demonstrated in cultured 
granulosa cells (Bromfield and Sheldon, 2011; Price et al., 2013), and herein we also 
demonstrate TLR4 to be localized to granulosa cells in whole ovarian cross-sections.  
Though there was no treatment differences noted in abundance of TLR4 which was 
evaluated via the amount of immunofluorescence signal detected, this could potentially be 
due to insufficient antibody specificity or possibly endocytosed TLR4 (Latz et al., 2002; 
Husebye et al., 2006) being more accessible when tissue was lysed for western blotting, 
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because we discovered increased TLR4 protein abundance in the ovary during HS.  Our 
findings suggest that granulosa cells are capable of responding to LPS via TLR4 signaling.  
Therefore, not surprisingly, protein abundance of pRELA was also increased in HS gilt 
ovaries. Thus, the ovarian TLR4 pathway was activated during HS, likely due to increased 
circulating LPS.   
Detoxification of LPS is critical in preventing sepsis. LBP is an acute phase protein 
produced and released from hepatocytes in response to immune system activation (Grube 
et al., 1994). LBP has both pro-and anti-inflammatory properties (Hailman et al., 1994; 
Thompson et al., 2003), and aides in transport of LPS to the TLR4 complex for signal 
cascade activation (Schumann, 2011) or in LPS detoxification (Thompson et al., 2003).  
Surprisingly, follicular fluid and serum levels of LBP were unchanged in this study due to 
HS. However, the infrequency of measuring LPS (one-time point collection prior to 
sacrifice) may have limited the likelihood of detecting differences as there is a clear 
temporal pattern of LBP in response to continued LPS exposure (Dickson et al., Chapter 
4). Others have shown that LPS is capable of infiltrating the follicular fluid (Herath et al., 
2007; Magata et al., 2014) with detrimental impacts for ovarian function.  
Another physiological route of LPS detoxification involves the action of AOAH 
(Hall and Munford, 1983).  Produced primarily in macrophages, AOAH cleaves the lipid 
A portion of LPS, nearly eliminating its potency (Munford and Hall, 1986). AOAH protein 
abundance in the ovary was unchanged due to HS, however, AOAH has never been 
demonstrated to be localized or functional in ovary, specifically the porcine ovary, so the 
presence of AOAH in the ovary represents a novel finding.  For both LBP and AOAH, it 
is important to note that this study did not characterize the activity or change in LBP and 
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AOAH abundance over time, and it is possible that a temporal response to HS in abundance 
of both LBP and AOAH exists but occurred outside the window of tissue collection.  
 Increased oxidative stress has also been associated with HS in many species 
(Burdon et al., 1987; Skibba et al., 1991; Bernabucci et al., 2002; Altan et al., 2003; Sahin 
et al., 2003; McAnulty et al., 2005; Mujahid et al., 2005; Lin et al., 2006; Montilla et al., 
2014; Akbarian et al., 2016). Production of reactive oxygen species (ROS) during oxidative 
stress can have detrimental effects on fertility, including increased incidence of abortion 
(Łagód et al., 2001) and elevated ROS due to HS can suppress embryonic development in 
cows (Sakatani et al., 2004).  A marker of oxidative stress, superoxide dismutase 1 (SOD1), 
is an antioxidant in the cytosol which works in coordination with mitochondrial SOD2 to 
bind ROS. We hypothesized that ROS and oxidative damage as a consequence of HS 
contributes to SI.  However, no impact of HS on SOD1 protein abundance in the ovary was 
observed. Finally, the role of cytosine methylation in the ovary has gained more attention 
in recent years and increased cytosine methylation is associated with follicular growth - it 
is estimated that 15% of CpG sequences have undergone methylation by the end of oocyte 
growth compared to ~0.5% in the primordial follicle oocyte (Smallwood et al., 2011; 
Tomizawa et al., 2011).  We evaluated global cytosine methylation by detecting 5mC but 
did not discover any effect of HS on the marker of epigenetic regulation.   
Taken together, this study supports the hypothesis that hyperinsulinemia during HS 
may, at least partially, contribute to SI since an elevated response to HS-induced 
hyperinsulinemia was observed in the ovary.  Also, the data herein support that the ovary 
is responsive to endotoxemia during HS. As mentioned earlier, tissue collection occurred 
at a single timepoint, thus we cannot discount a temporal pattern of response to HS in the 
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proteins investigated.  Endotoxemia has potential direct and indirect (through 
hyperinsulinemia) effects on the ovary during HS and these findings in the porcine ovary 
are novel.  Furthermore, potential differential effects of HS on the ovary of pre- and post-
pubertal swine are supported.   Importantly, though the focus of this study is bacterial-
derived LPS, the microbiome of the gastrointestinal tract is varied, thus there are likely 
other gut-origin components in circulation during HS that could also alter ovarian function.  
Additionally, though LPS from the intestine is an important source of LPS, these data also 
have relevance for infertility that results from bacterial infection in which LPS is a 
virulence factor.    
 
CONCLUSIONS 
The ovary is a heterogeneous and dynamic organ in which folliculogenesis, 
steroidogenesis, and cellular atresia patterns alter in a cyclical fashion with regulation by 
the hypothalamic-pituitary-gonadal axis and influence from environmental cues. HS 
induces hyperinsulinemia and endotoxemia in the heat-stressed pig and disrupts ovarian 
signaling via increased TLR4 pathway signaling, potentially being causative in the etiology 
of SI.  Better understanding the mechanisms occurring in the ovary during times of HS can 
allow for the development of mitigation strategies and ultimately rescue the SI phenotype 
observed in swine.  
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Fig. 2.1.  Experimental design for live animal phase. 
  
95 
 
 
Fig. 2.2. Impact of heat stress on circulating insulin.  
Post-pubertal cycling gilts were housed in either a thermal-neutral (TN) or heat stress (HS) 
environment for 5 d during the follicular phase. Blood samples were collected before 
euthanasia. (A) indicates plasma insulin concentration, (B) depicts mean daily feed intake. 
(C) indicates the ratio of plasma insulin to feed intake on the morning of euthanasia; values 
represent mean ± standard error. n = 6 animals per treatment. * indicates P < 0.05.  
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Fig. 2.3. Impact of heat stress on Insulin receptor (INSR) and Insulin Receptor 
Substrate 1 (IRS1) protein abundance in whole ovarian lysate. 
Post-pubertal cycling gilts were housed in either thermal-neutral (TN) or heat stress (HS) 
environment for 5 d during the follicular phase. Gilts were euthanized and ovaries collected 
for protein isolation and western blotting. This bar chart indicates relative densitometric 
values of (A) INSR or (B) IRS1 protein in TN or HS porcine ovary; values represent mean 
± standard error. Equal protein loading was confirmed by Ponceau S (PS) staining of 
membranes. n = 6 animals per treatment; * indicates P < 0.05.  
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Fig. 2.4. Impact of heat stress on total and phosphorylated AKT protein abundance 
in whole ovarian lysate.  
Post-pubertal cycling gilts were housed in either thermal-neutral (TN) or heat stress (HS) 
environment for 5 d during the follicular phase. Gilts were euthanized and ovaries collected 
for protein isolation and western blotting. The bar chart indicates relative densitometric 
values for (A) total and (B) phosphorylated AKT (pAKT) protein in TN or HS porcine 
ovary; values represent mean ± standard error. Equal protein loading was confirmed by 
Ponceau S (PS) staining of membranes. n = 6 animals per treatment.  
  
98 
 
 
Fig. 2.5. Impact of heat stress on circulating and follicular fluid 17β-estradiol 
concentration.  
Post-pubertal cycling gilts were housed in either thermal-neutral (TN) or heat stress (HS) 
environment for 5 d during the follicular phase. Blood was collected before euthanasia and 
follicular fluid was aspirated from ovaries.  The bar chart indicates (A) 17β-estradiol 
plasma concentration and (B) concentration of 17β-estradiol in follicular fluid; values 
represent mean ± standard error, n = 6 animals per treatment.  
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Fig. 2.6. Impact of heat stress on circulating and follicular fluid progesterone 
concentration. 
Post-pubertal cycling gilts were housed in either thermal-neutral (TN) or heat stress (HS) 
environment for 5 d during the follicular phase. Blood was collected before euthanasia and 
follicular fluid was aspirated from ovaries.  The bar chart indicates (A) progesterone 
plasma concentration and (B) concentration of progesterone in follicular fluid; values 
represent mean ± standard error, n = 6 animals per treatment.  
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Fig. 2.7. Effect of heat stress on Steroidogenic acute regulatory protein (STAR), 
Cytochrome P450 isoform 19A1 (CYP19A1), Estrogen sulfotransferase isoform 1E1 
(SULT1E1) and Multidrug resistance associated protein (ABCC1) protein abundance 
in whole ovarian lysate.  
Post-pubertal cycling gilts were housed in either thermal-neutral (TN) or heat stress (HS) 
environment for 5 d during the follicular phase. Gilts were euthanized and ovaries collected 
for protein isolation and western blotting. This bar chart indicates relative densitometric 
values of (A) STAR, (B) CYP19A1, (C) SULT1E1 and (D) ABCC1 proteins in TN or HS 
porcine ovary; values represent mean ± standard error. Equal protein loading was 
confirmed by Ponceau S (PS) staining of membranes. n = 6 animals per treatment; * 
indicates P < 0.05.  
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Fig. 2.8. Impact of heat stress on circulating and follicular fluid lipopolysaccharide-
binding protein (LBP) level. 
Post-pubertal cycling gilts were housed in either thermal-neutral (TN) or heat stress (HS) 
environments for 5 d during the follicular phase. Blood samples were collected before 
euthanasia and follicular fluid was aspirated from ovaries. (A) indicates plasma 
concentration of LBP while (B) indicates the concentration of LBP in follicular fluid; 
values represent mean ± standard error.  n = 6 animals per treatment.  
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Fig. 2.9. Impact of heat stress on Toll-like receptor 4 (TLR4) protein abundance in 
whole ovarian lysate.  
Post-pubertal cycling gilts were housed in either thermal-neutral (TN) or heat stress (HS) 
environment for 5 d during the follicular phase. Gilts were euthanized and ovaries 
collected. TLR4 protein localization was assessed by immunofluorescence staining in (A) 
TN or (B) HS ovaries, (C) the negative control shown is no primary or secondary antibody, 
(D) relative densitometric values for TLR4 protein abundance in TN or HS porcine ovary; 
(E) TLR4 quantification via western blotting. Equal protein loading was confirmed by 
Ponceau S (PS) staining of membranes. Scale bar in A, B, and C represent 25 microns. 
Values in D and E represent mean ± standard error (n = 6 animals per treatment). Statistical 
significance is denoted by * and indicates P < 0.05.  
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Fig. 2.10. Impact of heat stress on phosphorylated REL-associated protein (pRELA) 
protein abundance in whole ovarian lysate.  
Post-pubertal cycling gilts were housed in either thermal-neutral (TN) or heat stress (HS) 
environment for 5 d during the follicular phase. Gilts were euthanized and ovaries collected 
for protein isolation and western blotting. The bar chart indicates relative densitometric 
values for pRELA protein abundance in TN or HS porcine ovary; values represent mean ± 
standard error (n = 6 animals per treatment). Equal protein loading was confirmed by 
Ponceau S (PS) staining of membranes. Statistical significance is denoted by * and 
indicates P < 0.05.  
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Fig. 2.11. Impact of heat stress on Superoxide Dismutase (SOD1) protein abundance 
in whole ovarian lysate.  
Post-pubertal cycling gilts were housed in either thermal-neutral (TN) or heat stress (HS) 
environment for 5 d during the follicular phase. Gilts were euthanized and ovaries collected 
for protein isolation and western blotting. The bar chart indicates relative densitometric 
values for SOD1 protein abundance (P > 0.05) in TN or HS porcine ovary; values represent 
mean ± standard error (n = 6 animals per treatment). Equal protein loading was confirmed 
by Ponceau S (PS) staining of membranes.  
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Fig. 2.12. Impact of heat stress on Acyloxyacyl Hydrolase (AOAH) protein abundance 
in whole ovarian lysate.  
Post-pubertal cycling gilts were housed in either thermal-neutral (TN) or heat stress (HS) 
environment for 5 d during the follicular phase. Gilts were euthanized and ovaries collected 
for protein isolation and western blotting. The bar chart indicates relative densitometric 
values for AOAH protein abundance (P > 0.05) in TN or HS porcine ovary; values 
represent mean ± standard error (n = 6 animals per treatment). Equal protein loading was 
confirmed by Ponceau S (PS) staining of membranes.  
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Fig. 2.13. Impact of HS on 5-Methyl Cytosine (5mC) protein in whole ovarian lysate. 
Post-pubertal cycling gilts were housed in either thermal-neutral (TN) or heat stress (HS) 
environment for 5 d during the follicular phase. Gilts were euthanized and ovaries collected 
for protein isolation and western blotting. The bar chart indicates relative densitometric 
values for 5mC protein abundance (P > 0.05) in TN or HS porcine ovary; values represent 
mean ± standard error (n = 6 animals per treatment). Equal protein loading was confirmed 
by Ponceau S (PS) staining of membranes.  
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CHAPTER 3: CHRONIC HEAT STRESS ALTERS LIPOPOLYSACCHARIDE 
INDUCED SIGNALING PATHWAYS IN PRE-PUBERTAL GILTS 
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Abstract  
Heat stress (HS) is associated with seasonal infertility in swine. Pre-pubertal gilts 
(35 ± 4 kg) were housed in thermal neutral (TN; 20˚C; 35-50% humidity) or HS (35˚C; 20-
35% humidity) environments (n = 3) for 35 d. Whole ovarian mRNA and protein were 
analyzed. HS increased MYD88 and SOD1 mRNA abundance (8.8-fold and 13-fold, 
respectively; P < 0.01) and tended to increase TLR4 mRNA level (4.2-fold; P = 0.10). HS 
elevated ovarian TLR4 (1.8-fold; P = 0.05) and pRELA (16.3-fold; P < 0.01) protein 
abundance and tended to increase SOD1 (2.4-fold; P = 0.09). HS did not impact ovarian 
AOAH protein or CD14, MD2, RELA, or AOAH mRNA abundance.  
 
Keywords: heat stress, ovary, lipopolysaccharide, Toll-like receptor 4 
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Introduction 
 
Heat stress (HS) describes the scenario where environmental pressures elevate body 
temperature without a concomitant heat dissipation, and is known to be detrimental for 
female reproduction. In mammals, decreased fertility due to HS manifests as irregular 
estrous cyclicity, altered follicular growth, steroid secretion [1–5], altered gene expression 
[6], increased sow mortality [7] and lowered conception rates [8,9]. In the swine industry, 
seasonal infertility (SI) costs the U.S. an estimated $450 million annually [10].  Due to the 
absence of sweat glands, pigs suffer considerably from an increased basal temperature, thus 
exacerbating HS and increased genetic selection for lean muscle accretion has further 
decreased heat tolerance in pigs [11].  Chronically heat stressed pigs, have reduced hepatic 
weight compared to pair-fed thermal neutral counterparts [12]. Counterintuitively, HS 
animals are hyperinsulinemic, despite decreased feed intake [13], with greater than a 10-
fold increase in circulating insulin observed [14]. Our group has previously discovered that 
HS alters ovarian insulin and phosphatidylinositol-3 kinase (PI3K) as well as steroidogenic 
signaling in the pre-pubertal gilt [15].  
Lipopolysaccharide (LPS) is an endotoxin located on the cell wall of gram-negative 
bacteria. During times of HS, there is elevated LPS in portal and systemic circulation 
[16,17] which can precipitate an increase in circulating insulin [18]. High levels of 
circulating LPS lead to endotoxemia and potentially sepsis. Akin to HS, LPS is detrimental 
to fertility. LPS has been detected in follicular fluid [19,20], and increased primordial 
follicle recruitment rate due to LPS exposure demonstrated [21]. Altered ovarian 
steroidogenesis, decreased corpus luteum size and function, as well as abortion in many 
species are attributable to LPS [22–25]. Taken together, there is rationale for LPS to be at 
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least partially culpable for altered ovarian function and decreased fertility observed during 
HS. Multiple studies have also demonstrated an association between HS and oxidative 
stress [26] and superoxide dismustase 1 (SOD1), a marker of oxidative stress, has 
previously been localized in the ovary [27]. The body has defense mechanisms to protect 
organs from LPS-induced harm. Acyloxyacyl hydrolase (AOAH), a lipase produced in 
immune cells such as macrophages, dendritic cells, and neutrophils [28], deacylates LPS, 
rendering it unable to elicit a cellular response [29]. The hypothesis under investigation in 
this study was that chronic HS induces ovarian LPS signaling pathways.  Our specific 
objective was to characterize the effects of chronic HS on the TLR4 inflammation pathway 
in the porcine ovary.  
 
Materials and methods  
Six crossbred pre-pubertal 14 week old gilts were individually housed at Iowa State 
University swine facilities in climate control rooms and exposed to constant TN (20˚C; 35-
50% RH; n = 3) or HS (35˚C; 24-43% RH; n = 3) conditions for 35 d. Gilts were fed a diet 
formulated to NRC (2012) recommended nutrient requirements and had ad libitum access 
to feed and water. For more details on the animal conditions see Boddicker et al., 2014 
[30]. All animal procedures were approved by the Iowa State University Institutional 
Animal Care and Use Committee. After 35 d, gilts were euthanized by captive bolt and 
ovaries were collected at the end of the experimental period. Ovaries were snap-frozen in 
liquid nitrogen, then stored at -80˚C. RNA extraction was previously described in Nteeba 
et al., 2015 [15]. Briefly, total RNA from ovarian samples TN (n = 3) and HS (n = 3) was 
extracted using an RNeasy Mini kit according to the manufacturer’s instructions (Qiagen; 
110 
 
74004). RNA was eluted with 20 μL of RNase-free water and concentration determined 
using an ND-1000 spectrophotometer (λ = 260/280 nm; NanoDrop Technologies, Inc). 
Complementary DNA (cDNA) was synthesized with 1 μL oligo dT (Iowa State University 
DNA facility, Ames, IA), 1 μL dNTP (ThermoFisher Scientific; 18427-013, Rockford, IL), 
RNA (300 ng) per reaction and water to total volume of 13 μL. Samples were heated to 
65˚C for 5 min, then chilled on ice before combining with master mix; 1 μL dithiothreitol 
(DTT; ThermoFisher Scientific; Y00147, Rockford, IL), 1 μL RNAse out (ThermoFisher 
Scientific; 10777019, Rockford, IL), 1 μL Superscript III (ThermoFisher Scientific; 18080-
093, Rockford, IL), and 4 μL first strand buffer (ThermoFisher Scientific; Y02321, 
Rockford, IL). Samples were combined with 7 μL mastermix and heated to 50˚C for 60 
min then 70˚C for 15 min then sample were stored -20˚C until use.  Each reaction contained 
0.6 μL MgCl2 (ThermoFisher Scientific; M33400, Rockford, IL), 0.4 μL H2O, 5 μL 
SybrGreen (Qiagen; 204143), 1 μL forward primer, 1 μL reverse primer, and 2 μL sample 
cDNA.  All samples were ran in triplicate and all assays consisted of 40 cycles of 
denaturating at 95˚C for 15 sec, annealing at 54˚C for 15 sec, and extension at 68˚C for 20 
sec.  Primers for the following genes were utilized: TLR4, CD14, MD2, MYD88, RELA, 
AOAH, SOD1, and GAPDH. Sequences for each primer are provided in Table 3.1. Protein 
isolation for western blotting was performed as previously described by Nteeba et.al, 2015 
[15]. Briefly, tissue samples were placed in lysis buffer, homogenized, centrifuged, and 
supernatant was collected.  Protein concentration quantification for all samples were 
performed by bicinchoninic acid (BCA) assay (Pierce BCA Protein Assay Kit 23227). 
Protein samples (39 μg) were separated on pre-cast gels (Mini-PROTEAN®TGX Gels 
456-1096; BioRad Laboratories) at 50 volts (V) for 5 min followed by 90 V for 1 h. Protein 
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was transferred onto nitrocellulose membrane using the iBlot system (iBlot®2 NC Regular 
Stacks IB23001; ThermoFisher Scientific; 20 V for 1 min, 23 V for 4 min, and 25 V for 2 
min).  Ponceau S (ThermoFisher Scientific BP103-10) staining was performed to verify 
equal protein loading across wells.  Membranes were blocked in 5% Bovine Serum 
Albumin (BSA; Sigma Aldrich, A2153) in phosphate buffered saline with 0.2% Tween 20 
(PBST; BP665-1, BP337-500; ThermoFisher Scientific) for at least 1 h at room 
temperature (RT).  Following blocking, membranes were incubated in primary antibody 
diluted in 5% BSA in PBST overnight at 4˚C.  Primary antibodies used were; TLR4 (1:500, 
Novus Biologicals, NB100-56566), RELA pSer536 (1:1000, Thermoscientific PA5-6545), 
AOAH D-15 (1:200, Santa Cruz Biotechnology sc-163692), and SOD1 (1:1000, Abcam 
16831).  After primary incubation, membranes were washed three times in PBST. 
Secondary antibody (Mouse anti-goat IgG-HRP, Santa Cruz Biotechnology sc-2354; Anti-
mouse IgG, HRP-linked, Cell Signaling Technology 7076P2; Anti-rabbit IgG-HRP Cell 
Signaling Technology 7074P2) was then applied and membranes were incubated for 1 h at 
room temperature, followed by three more washes in PBST.  Enhanced chemiluminescence 
(ECL) substrate (SignalFire ECL Reagent, Cell Signaling Technology 6883) was applied 
to the membrane for 3 min in the dark and then imaged with a ChemiImager 5500 (Alpha 
Innotech, San Leandro, CA) with AlphaEaseFC software (v3.03 Alpha Innotech). The sum 
of the gray values of all the pixels in the selection divided by the number of pixels, or mean 
gray value was quantified for each membrane using ImageJ software.  Membranes were 
normalized to Ponceau S images to account for any loading error. Data from western blots 
and qRT-PCR were analyzed using the unpaired t-test function in GraphPad Prism.  
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Statistical tendency was set at P < 0.10, while significance was set at P < 0.05, denoted by 
* and P < 0.01 denoted by **.  
 
Results and Discussion 
HS causes SI in swine and the negative reproductive impacts can be observed for 
months following the initial stress [31]. Specifically, SI in swine causes spontaneous 
abortion, longer wean to estrus intervals, lower pregnancy rates, delayed onset of puberty, 
and reduced litter size along with decreased conception rate with first service [32]. This 
raises concerns for animal welfare and is detrimental to the animal production economy 
[33]. As aforementioned, elevated circulating levels of LPS can arise due to HS [17,18]. 
LPS binds to the cluster of differentiation 14 (CD14) protein and is transferred to the toll-
like receptor 4 (TLR4) – myeloid differentiation protein 2 (MD2) complex on the cell 
membrane which initiates an inflammatory response via myeloid differentiation response 
gene 88 (MyD88) culminating in the phosphorylation of the REL-associated protein, a 
subunit of transcription factor nuclear factor kappa B (pRELA) and upregulation of pro-
inflammatory cytokines [34–37].   
In agreement with our hypothesis, ovarian LPS-induced signaling pathways were 
increased during HS. TLR4 was detectable in porcine ovarian samples, and TLR4 mRNA 
abundance had a tendency to be increased (4.2-fold; P = 0.10; Figure 3.1) while TLR4 
protein abundance was increased (1.8-fold; P = 0.05; Figure 3.2) during HS conditions, 
indicating that the ovary is responsive to increased circulating LPS during HS. A previous 
study by our group also found elevated TLR4 protein in the ovaries of HS post-pubertal 
gilts (Dickson et al., Chapter 3). In contrast, Ju et al., found increased TLR4 mRNA 
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abundance in porcine peripheral blood mononuclear cells but did not analyze protein levels 
[38]. mRNA levels of the genes encoding MD2 and CD14 were detectable in whole ovarian 
lysate but, surprisingly, were unchanged due to HS (P > 0.10; Figure 3.1). Previously, 
TLR4, MD2, and CD14 mRNA have been detected in bovine granulosa cells [19], however 
has not been shown in porcine ovarian tissue. It been demonstrated in bovine granulosa 
cells from small follicles, when cultured with LPS, had increased TLR4, MD2, and CD14 
gene expression but LPS had no effect on the mRNA abundance of TLR4, MD2, and CD14 
in granulosa cells from large follicles [39].  The abundance of MyD88 mRNA, which is 
downstream of TLR4 activation, was increased (8.8-fold; P < 0.01; Figure 3.1). 
Interestingly, MyD88 and TLR4 mRNA abundance was found to be elevated in murine 
cumulus oocyte complexes just prior to ovulation while CD14 mRNA abundance was 
elevated pre- and post-ovulation [40].  Additionally, while mRNA levels for the RELA gene 
were unaffected by HS (P > 0.10), protein abundance of pRELA was drastically increased 
(16.3-fold; P < 0.01; Figure 3.2), further supporting that the TLR4 pathway is activated in 
the porcine ovary during HS. Previously, our lab has also shown upregulated levels of 
pRELA protein the ovaries of gilts exposed to HS (Dickson et al., Chapter 3).  Similarly, 
human monocytes heat stressed in culture for a mere one hour had elevated levels of 
pRELA protein abundance [41]. These data demonstrate activation of the TLR4-mediated 
signaling cascade. HS did not alter mRNA or protein levels of AOAH (P > 0.10; Figure 
3.2). However, AOAH is part of an acute response and after 35 d of HS, we may have 
missed temporally altered AOAH production. Interestingly, only our previous studies have 
detected AOAH in swine (Dickson et al., Chapter 3), although others had shown it in 
rodents and in cell culture experiments [42]. 
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A marker of oxidative stress was impacted in the ovary of HS gilts. SOD1 mRNA 
abundance was increased by HS (13-fold; P = 0.01; Figure 3.1). Also, a tendency for 
increased SOD1 protein abundance (2.4-fold; P = 0.09; Figure 3.2) due to HS was 
discovered. SOD1 is necessary for normal reproductive function however excessive 
amounts is detrimental to fertility [43]. Thus, the combination of HS and increased 
circulating LPS induce observed alterations in ovarian signaling.  In conclusion, HS 
upregulates ovarian proteins involved in the TLR4-mediated response to LPS, and 
endotoxemia may be at least partly culpable for SI in swine.  
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Figure 3.1. Impact of chronic heat stress on ovarian signaling component mRNA 
abundance.  
Gilts were housed in either thermal-neutral (TN) or heat stress (HS) conditions for 35 d. 
Gilts were euthanized and ovaries collected for RNA isolation and qRT-PCR. Relative fold 
change values for TLR4, CD14, MD2, MYD88, RELA, and AOAH mRNA abundance in TN 
or HS porcine ovary are presented; values represent mean ± standard error (n = 3 per 
treatment). RNA values were normalized to GAPDH. Statistical tendency is denoted by † 
indicating P < 0.1; * indicating P < 0.05 or ** which denotes P < 0.01.  
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Figure 3.2. Impact of chronic heat stress on protein abundance in whole ovarian 
lysate.  
Gilts were housed in either thermal-neutral (TN) or heat stress (HS) conditions for 35 d. 
Gilts were euthanized and ovaries collected for protein isolation and western blotting. 
These bar charts indicate relative densitometric values for TLR4 (A), pRELA (B), AOAH 
(C), and SOD1 (D) protein abundance in TN or HS porcine ovary; values represent mean 
± standard error (n = 3 per treatment). Representative western blots are presented.  Equal 
protein loading was confirmed by ponceau S (PS) staining of membranes. Statistical 
tendency is denoted by † indicating P < 0.1; * indicating P < 0.05 or ** which denotes P 
< 0.01.  
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ABSTRACT 
 
Immunoactivation due to lipopolysaccharide (LPS) exposure negatively affects 
production parameters and fertility in animals. Experimental exposure via an acute LPS 
bolus likely does not resemble normal on-farm immunoactivation. Thus, study objectives 
were to characterize effects of chronic endotoxemia on production parameters and 
follicular development in lactating cows. Eleven lactating Holstein cows (164 ± 22 DIM; 
676 ± 16 kg BW; parity 3.1 ± 0.4) were acclimated for 3 d, and enrolled in 2 experimental 
periods (P); during P1 (3 d) cows consumed feed ad-libitum and baseline samples were 
obtained. During P2 (7 d), cows were assigned to one of two treatments 1) saline-infused 
and pair-fed (CON-PF; 40 mL/h saline i.v.; n = 5) or 2) LPS-infused and ad libitum-fed 
(LPS-AL; E. coli O55:B5; 0.017, 0.020, 0.026, 0.036, 0.055, 0.088, and 0.148 μg/kg BW/h 
i.v. on d 1-7, respectively; n = 6). CON-PF cows were pair-fed to the LPS-AL group to 
eliminate confounding effects of dissimilar nutrient intake. Estrous cyclicity was 
synchronized with a modified Ovsynch protocol prior to the experiment so that ovulation 
from the previous estrous cycle occurred on P1D2, and the first wave of ovarian follicular 
growth was monitored using trans-rectal ultrasonography every 24 h. LPS-AL cows 
became hyperthermic on d 1 (+0.49˚C) relative to baseline and remained febrile for the 
remainder of P2 (+0.26˚C). Relative to CON-PF, respiration rate and heart rates increased 
(17 breaths/min and 11 beats/min, respectively; P < 0.01) in LPS-AL cows during P2. LPS-
AL cows decreased DMI on d 1 (28%; P < 0.01), but DMI progressively returned to 
baseline levels by d 7. Relative to baseline and CON-PF cows, milk yield from LPS-AL 
cows decreased on P2D1 (17%; P = 0.01). From P2D2 onwards, milk yield from both 
treatments were similarily decreased (12%; P = 0.04). Infusing LPS did not impact either 
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the rate of follicle growth or size of the dominant follicle on d 7. Neither serum 
progesterone (P4), nor follicular P4 or 17β-estradiol concentration were impacted by LPS 
infusion.  There was a trend for increased 17β-estradiol in serum (44%; P = 0.10) in LPS-
AL cows. We found no effect of LPS on hepatic mRNA abundance of P4 metabolism 
enzymes CYP2C or CYP3A nor any effect on hepatic gene expression of toll-like receptor 
4, LPS-binding protein, superoxide dismutase 1, or vascular endothelial growth factor. 
Acyloxyacyl hydrolase and nuclear factor kappa B hepatic gene expression tended to be 
increased in LPS-AL cows (P = 0.10; P = 0.11 respectively). These data suggest lactating 
dairy cows become incredibly tolerant to chronic and exponentially increasing LPS 
infusion in terms of production and reproductive parameters. 
 
Keywords: lipopolysaccharde, production, ovary, 17β-estradiol, tolerance  
 
INTRODUCTION 
Intestinal epithelial function includes nutrient absorption and prevention of 
pathogen entry into lymph and portal circulation. Compromised intestinal barrier function 
can result in the influx of bacteria and their immunogenic components, including endotoxin 
or lipopolysaccharide (LPS), into portal and systemic circulation (i.e., “leaky gut”), 
resulting in immunoactivation which is proposed as an underlying etiology for systemic 
endotoxemia (Cani et al., 2007; Mani et al., 2012). Leaky gut is likely a common 
denominator and etiology behind many disorders in humans and domestic animals. In 
humans, irritable bowel syndrome (Rojo et al., 2007; Piche et al., 2009), alcoholism 
(Draper et al., 1983), diabetes (Pussinen et al., 2011), and obesity (Cani et al., 2007; 
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Hawkesworth et al., 2013) are associated with leaky gut.  Animals also have compromised 
intestinal integrity during times of heat stress, or off-feed events (Baumgard and Rhoads, 
2013; Pearce et al., 2013), which results in their suboptimal productivity.  
Inflammation is integral to normal reproductive function.  Within the ovary, 
ovulation, as well as corpus luteum formation and regression incur tissue damage and 
require inflammation for maintenance of tissue homeostasis (Espey, 1980; Richards et al., 
2008).  Exogenous and excess inflammation, however, are detrimental for fertility 
(Sheldon et al., 2014).  Infertility is more likely in animals who experienced uterine 
infection potentially due to the infectious bacteria present (Sheldon et al., 2014). Within a 
week of parturition, 40% of dairy cows contract uterine bacterial infection (Sheldon et al., 
2009), and cows with uterine infection have increased circulating LPS (Dohmen et al., 
2000; Mateus et al., 2003).  After infection resolution, adverse effects on ovarian function 
and reproduction can be apparent for 8 to 16 weeks thereafter (Fonseca et al., 1983; 
Sheldon et al., 2009; Hudson et al., 2012). Translocation of LPS into circulation resulting 
from compromised intestinal integrity or from a gram negative bacterial infection may also 
contribute to altered endocrine signaling (Kujjo et al., 1995; Lavon et al., 2008), 
compromised luteal function (Fredriksson et al., 1985; Gilbert et al., 1990), and abortion 
(Skarnes and Harper, 1972; Giri et al., 1990).  
Lipopolysaccharide is a cell wall component of gram-negative bacteria, and is 
ubiquitous in the gastrointestinal tract. Once in circulation, LPS activates the toll-like 
receptor 4 (TLR4) pathway, initiating a signal cascade, culminating in the phosphorylation 
of REL-associated protein (pRELA) and translocation of NFκB to the nucleus for 
production of inflammatory cytokines (Chow et al., 1999; Lu et al., 2008). Estrogen 
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sulfotransferase (SULT1E1) is a transcriptional target of NFκB in mice, LPS can induce 
SULT1E1 expression (Chai et al., 2015). The production of reactive oxygen species can 
be stimulated by LPS (Rietschel et al., 1994) and both LPS and reactive oxygen species 
can promote vascular endothelial growth factor (VEGF) production (Chua et al., 1998; 
Matsushita et al., 1999). Superoxide dismutase 1 (SOD1) is an anti-oxidant protein and the 
cellular defense against reactive oxygen species (McCord and Fridovich, 1969; Weisiger 
and Fridovich, 1973). Cytokine release during inflammation can be altered by SOD1 and 
VEGF (Dimayuga et al., 2007; Murayama et al., 2010). 
There are additional defense mechanisms to blunt the impact of endotoxemia. 
Acyloxyacyl hydrolase (AOAH) is one mechanism, and deacylates LPS rendering it 
unable to elicit an immune response (Munford and Hall, 1986). LPS-binding protein (LBP) 
plays both pro- and anti-inflammatory roles (Ceciliani et al., 2012), and can increase the 
amount of TLR4 activation (Hailman et al., 1994) or can induce a structural rearrangement 
in LPS making it more accessible to AOAH and macrophages,  thus facilitating LPS 
detoxification (Wright et al., 1989; Gioannini et al., 2007).  
Previous studies have demonstrated that LPS can induce an increase in circulating 
insulin (Waldron et al., 2003; Baumgard and Rhoads, 2013). Progesterone (P4) metabolism 
enzymes, cytochrome P450 family 2 subfamily C (CYP2C) and CYP3A can be altered by 
circulating insulin concentration (Lemley et al., 2008, 2010; Cooke et al., 2012; Vieira et 
al., 2013).  
Several studies have characterized acute exposure to LPS via both intrauterine and 
intravenous exposure routes (Lohuis et al., 1988; Giri et al., 1990; Werling et al., 1996; 
Steiger et al., 1999; Tuo et al., 1999; Waldron et al., 2003; Jacobsen et al., 2004; Gott et 
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al., 2015; Aditya et al., 2016; Lüttgenau et al., 2016), however, acute (i.e. minutes) LPS 
exposure may not accurately represent in vivo LPS exposure in domestic species, which 
are typically chronic (i.e. days) in nature.  
In an effort to create a more physiological relevant LPS exposure paradigm, our 
objectives were to i.v. infuse LPS into healthy lactating cows continuously for 7 d and 
characterize the effects of chronic inflammation on production and dominant follicle 
growth. We hypothesized that chronic and exponentially increasing exposure to LPS would 
be detrimental for feed intake, milk production, and follicular growth in lactating dairy 
cows. 
MATERIALS AND METHODS 
Reagents 
 Escherichia coli 055:B5 (L2880) was obtained from Sigma, St. Louis, Missouri. The 
ultrasound scanner machine for daily observations was Ibex® Pro, E. I. Medical Imaging 
from Loveland, Colorado, and the ultrasound scanner machine for follicular aspirations 
was SSD-900V, Aloka Co. Ltd., from Tokyo, Japan. 18 gauge needles (DI-0207-10) were 
obtained from Partnar Animal Health (Port Huron, MI) and pyrogen-free tubing 
(Macrobore Extension Set, 30 inch with Option-lok, non-DEHP; 12656-28) for follicular 
aspirations was obtained from Hospira (Lake Forest, IL). Digital thermometers were 
obtained from GLA Agricultural Electronics (GLA M700, San Luis Obispo, CA). 
Lutalyse® and Factrel® were obtained from Zoetis Animal Health (Parsippany, NJ). 
AluShieldTM obtained from Neogen Corp., (Lexington, KY). Tygon Tubing obtained 
from Saint-Gobain (ND 100-80, Akron, OH). 2-Mercaptoethanol (M3148), bovine serum 
albumin (BSA; A2153), EDTA; (E7889), NaCl (S3014), NaF (S7920), and Triton-x-100 
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(T-6878), were obtained from Sigma Aldrich (St. Louis, Missouri). Precision Plus 
Protein™ Kaleidoscope™ (161-0375), Mini-PROTEAN®TGX Gels (456-1096), 
Laemmli buffer (1610737) were obtained from BioRad Laboratories (Hercules, CA).  
Pierce bicinchoninic acid assay (BCA) Protein Assay Kit (23227), Ponceau S (BP103-10), 
SDS (BP166-100), Glycerol (G33-500), iBlot®2 NC Regular Stacks (IB23001), Phosphate 
buffered saline (PBS; BP665-1), Tween20 (BP337-500), Halt  Protease & Phosphatase 
Single-Use Inhibitor Cocktail 100x (78442), HEPES (BP310-100), RNAse out 
(10777019), SuperScript III (18080-093), First Strand Buffer (Y02321),  dithiothreitol 
(DTT; Y00147), dNTP (18427-013), and MgCl2 (M33500) were obtained from 
ThermoFisher Scientific (Rockford, IL). Antibodies SOD1 (NB1-31204), and VEGF 
(NB100-648) from Novus Biologicals (Littleton, CO). SULT1E1 H-40 (SC-292049) from 
Santa Cruz Biotechnologies. Anti-mouse IgG, HRP-linked (7076P2), Anti-rabbit IgG-HRP 
(7074P2), and SignalFire enhanced chemiluminescent (ECL) Reagent (6883) from Cell 
Signaling Technology® (Danvers, MA). Primers and Oligo dT were obtained from the 
Iowa State University DNA facility (Ames, IA).  RNeasy mini kit (74004) and SYBR green 
(204143) were obtained from Qiagen. 17β-estradiol (EIA 2693) and progesterone (EIA 
156) assays were from DRG Diagnostics (Marburg, Germany).  
 
Animals 
All procedures were approved by the Institutional Animal Care and Use Committee 
at Iowa State University (approved IACUC # 1-14-7702-S). 
Eleven lactating Holstein multiparous cows (164 ± 22 DIM; 676 ± 16 kg BW; parity 
3.1 ± 0.4; range 2-5) were housed in individual pens at the Iowa State University dairy 
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farm.  Cows had ad-libitum access to water.  A synchronization protocol was used to align 
estrous cyclicity.  Two weeks prior to the beginning of the experiment, ovarian status of 
cows were examined using an ultrasound machine and dinoprost (Lutalyse®; 5 mL) was 
administered via intramuscular (IM) injection. During the experimental phase, cows 
received dinoprost (5 mL) again on d 2 of the acclimation period, and gonadorelin 
(Factrel®; IM; 2 mL of) was administered 60 h post-dinoprost injection.  Ovaries were 
ultrasound examined 12 and 24 h post gonadorelin injection to monitor ovulation 
occurrence.   
Cows acclimated for 3 d during which jugular catheters were inserted bilaterally. 
Following acclimation, cows were enrolled in two experimental periods. Period 1 (P1; 3 
d) served as a baseline data collection period for period 2. Period 2 lasted 7 d during which 
cows received 1 of 2 treatments: 1) saline-infused and pair-fed (CON-PF; 40 mL/h saline 
i.v.; n = 5) or 2) LPS-infused and ad libitum-fed (LPS-AL; E. coli O55:B5; 0.017, 0.020, 
0.026, 0.036, 0.055, 0.088, and 0.148 μg/kg BW/h i.v. on d 1-7, respectively; n = 6). The 
LPS dose increased every d (Table 4.2) and were calculated on a body weight basis that 
was obtained during the acclimation period. The LPS solution was prepared at a 
concentration of 300 μg/mL, passed through a 0.2 μm sterile syringe filter (Thermo 
Scientific; Waltham, MA), and stored in a sterile glass bottle 24 h prior to P2. The i.v. 
infusion system was incubated overnight with LPS solution (3 µg/mL) prior to onset of 
infusion in order to saturate LPS binding sites in the Tygon® tubing.  
Control cows were pair-fed (PF) to the LPS-treated cows to avoid confounding 
effects of dissimilar nutrient intake as previously described (Wheelock et al., 2010). All 
cows were fed a total mixed ration (TMR) at 0800 h and orts were recorded each day prior 
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to subsequent feeding.  The TMR was formulated by Dynamic Nutrition Systems (Pierz, 
MN) to meet or exceed the predicted requirements of energy, protein, minerals, and 
vitamins (NRC, 2001; Table 4.1). Reductions in daily feed intake by LPS-AL cows in P2 
were determined as a percentage of their mean daily ad-libitum intake during P1. Due to 
space constraints and in order to allow for pair-feeding calculations and implementation, 
control cows were 9 d behind LPS-cows in the experimental protocol. Throughout the 
study, cows were milked twice daily (0600 and 1800 h) and yields were recorded at each 
milking. A sample for composition was obtained daily at the 0600 h milking and stored at 
4˚C with a preservative (bronopol tablet; D & F Control System, San Ramon, CA) until 
analysis by Dairy Lab Services (Dubuque, IA) using Association of Analytical Chemists 
approved infrared analysis equipment and procedures (AOAC International, 1995). 
Respiration rate (RR), heart rate (HR), and rectal temperature (RT) were recorded 
twice daily at 0600 and 1800 h. Respiration rate and heart rate were measured as flank 
movement and beats per 15 sec, respectively, and later configured to breaths per min and 
beats per min. Rectal temperatures were measured using a digital thermometer (GLA 
M700, San Luis Obispo, CA).   
Blood samples were obtained daily throughout the study at 0600 h into an empty 
glass tube for serum samples. Serum samples were allowed to clot for 30 min at room 
temperature, centrifuged at 1500 x g for 15 min at 4˚C, and stored at -20˚C in pyrogen-free 
tubes until analysis.   
Liver biopsies were obtained on d 3 of P1 and d 7 of P2 as previously described 
(Rhoads et al., 2004).  Briefly, the area was shaved, disinfected, and locally anesthetized 
using lidocaine before performing a percutaneous biopsy with a trocar. Samples were snap 
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frozen in liquid nitrogen and stored at -80°C until analyzed. Incisions were sutured and 
topically treated with AluShieldTM (Neogen Corp., Lexington, KY). 
Throughout P2, ovaries were assessed by ultrasound scanning every morning at 
0600 h (+/- 1 h) to track follicular growth.  A minimum of two pictures of each structure 
were recorded daily to analyze follicular growth and corpus lutea presence.  On d 7 of P2 
the dominant follicle from each animal was aspirated to collect follicular fluid using a SSD-
900V (Aloka) with an 18 gauge needle (DI-0207-10, Partnar Animal Health). The sample 
was collected through pyrogen-free tubing (Macrobore Extension Set, 30 inch with Option-
lok, non-DEHP; 12656-28, Hospira) and stored in pyrogen-free micro-centrifuge tubes.  
Sterile PBS (4 mL) was used to flush the tubing to ensure collection of the entire sample.  
Follicular fluid was transported on ice to the laboratory where it was centrifuged for 10 
min at 6,000 rpm.  The supernatant was stored at -80˚C.  
 
RNA Isolation and Quantitative RT-PCR 
Liver samples from CON-PF (n = 5) and LPS-AL (n = 6) were processed for RNA 
isolation. Total RNA was extracted using an RNeasy Mini kit according to the 
manufacturer’s instructions (Qiagen). RNA was eluted with 20 μL of RNase-free water 
and concentration determined using an ND-1000 spectrophotometer (λ = 260/280 nm; 
NanoDrop Technologies, Inc). Complementary DNA (cDNA) was synthesized with 1 μL 
oligo dT, 1 μL dNTP, RNA (300 ng) per reaction and water to total volume of 13 μL. 
Samples were heated to 65˚C for 5 min, then chilled on ice before combining with master 
mix (1 μL DTT, 1 μL RNAse out, 1 μL Superscript III, and 4 μL first strand buffer). 
Samples were combined with 7 μL mastermix and heated to 50˚C for 60 min then 70˚C for 
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15 min. cDNA sample were stored -20˚C until use.  Each reaction contained 0.6 μL MgCl2, 
0.4 μL H2O, 5 μL SybrGreen, 1 μL forward primer, 1 μL reverse primer, and 2 μL sample 
cDNA.  All samples were run in triplicate and the amplification protocol consisted of 40 
cycles of denaturating at 95˚C for 15 sec, annealing at 58˚C for 15 sec, and extension at 
68˚C for 20 sec.  Primers were prepared by the ISU DNA facility (Ames, Iowa). Sequences 
for TLR4, RELA, AOAH, and LBP were designed via NCBI primer blast, all span at least 
one exon junction, and are detailed in Table 4.3. Sequences for CYP2C, CYP3A, and RPS15 
were from McCracken et al., (2015).  Each set of reactions was run with negative controls 
of water only, as well as cDNA with mastermix and omission of primers.  
 
Protein Extraction and Western Blotting  
Liver samples were immersed in tissue lysis buffer (Triton-x-100, HEPES, NaCl, 
Glycerol, NaF, EDTA, SDS) containing protease and phosphatase inhibitors (Halt ™ 
Protease & Phophatase Single-Use Inhibitor Cocktail 100x; 78442) and incubated on ice 
for 10 min.  Samples were homogenized and were placed on ice for 30 min.  Samples were 
centrifuged twice for 15 min at 10,000 r.p.m. at 4˚C and the supernate was retained after 
both centrifugations. Protein concentration quantification for all samples were performed 
by BCA assay. Protein was combined with laemmli buffer and 2-mercaptoethanol, and 
water to total 5 μg/ul. Samples were heated at 95˚C for 5 min then stored at -20˚C until 
use. Protein samples (50 μg) were separated at 50 volts (V) for 5 min, followed by 100 V 
for one hour on pre-cast SDS PAGE gels. Protein was transferred using an iBlot transfer 
system onto a nitrocellulose membrane at 20 V for 1 min, 23 V for 4 min, and 25 V for 2 
min.  Ponceau S staining was performed on membranes to verify equal protein loading 
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across wells.  Membranes were blocked in 5% bovine serum albumin (BSA) in phosphate 
buffered saline with Tween 20 (PBST) for a minimum of 1 h at room temperature (RT).  
Following blocking, membranes were incubated in primary antibody diluted in 5% BSA in 
PBST overnight at 4˚C. Primary antibodies used include SULT1E1 (1:200), SOD1 
(1:1000), VEGF (1:1000). After primary incubation, membranes were washed three times 
in PBST. Membranes were incubated in secondary antibody for 1 h at room temperature, 
followed by three washes in PBST.  Enhanced chemiluminescence (ECL; Signal Fire, Cell 
Signaling 6883) substrate was applied to the membrane for 3 min in the dark and the signal 
was imaged using a ChemiImager 5500 (Alpha Innotech, San Leandro, CA) with 
AlphaEaseFC software (v3.03 Alpha Innotech). The sum of the gray values of all the pixels 
in the selection divided by the number of pixels, or mean gray value was quantified for 
each membrane using ImageJ software.  Membranes were normalized to Ponceau S images 
to account for loading error. Densitometric data was analyzed using the unpaired t-test 
function in GraphPad Prism.  To ensure antibody specificity, negative controls were run 
with primary antibody only, secondary antibody only, and IgG with secondary antibody 
(see appendix; suppl. figure 4).  
 
Statistical Analysis 
Each specific variable’s P1 value (when available) served as a covariate. Each 
parameter was analyzed using repeated measures analysis with day of treatment 
administration as the repeated effect. Effects of day, treatment, and treatment by day 
interaction were assessed using PROC MIXED (SAS Inst. Inc., Cary, NC). Two-tailed t-
tests were performed to analyze PCR and western blot data. Results are reported as least 
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squares means and means considered different when P ≤ 0.05 denoted by * , and a tendency 
to differ if P ≤ 0.10 denoted by †.  
RESULTS 
LPS increased rectal temperature, respiration and heart rates in lactating dairy cows  
Administrating LPS induced a febrile response in LPS-AL cows on d 1 (+0.49˚C) relative 
to baseline and LPS-AL cows remained slightly hyperthermic for the remainder of P2 
(+0.26˚C; P < 0.01; Figure 4.1A). Relative to CON-PF, LPS-AL cows had increased RR 
and HR (17 and 11 bpm; respectively (P < 0.01; Figure 4.1B and 4.1C) during P2. 
However, throughout P1, HR of LPS-AL cows tended to be increased 9 bpm, relative to 
CON-PF (P = 0.06), and on d 1 of LPS infusion LPS-AL cows increased 3 bpm while bpm 
of CON-PF cows decreased 0.5 bpm (P < 0.01; Figure 4.1C), relative to baseline.  
 
Dry matter intake initially decreased due to LPS exposure in lactating dairy cows 
Relative to baseline, LPS infusion decreased DMI (28%; P < 0.01) on d 1, after which DMI 
progressively increased with time (P < 0.01) returning to baseline at 6 d post LPS. By 
experimental design, the CON-PF DMI pattern mirrored LPS-AL cows (Figure 4.2).  
 
LPS decreased milk yield in lactating dairy cows 
Relative to baseline and CON-PF controls, milk yield from LPS-AL cows decreased ~17% 
on d 1 of P2 (P = 0.01; Figure 3). From d 2 of P2 onwards, milk yield from both treatments 
were similar, but mildly decreased relative to baseline (12%; P = 0.04; Figure 4.3). 
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Lactating dairy cows had increased milk fat and milk urea nitrogen percentages during 
LPS exposure 
There was no impact of LPS infusion on somatic cell count (SCC), milk protein content, 
or total solids (P > 0.10).  Overall, LPS-AL cows had elevated milk fat content (19%; P = 
0.03) and milk urea nitrogen (MUN; 19%, P = 0.04) compared to CON-PF cows (Figure 
4.4). 
 
LPS had no impact on the rate of growth or size of the dominant follicle  
Dominant follicles increased by approximately 30% in size in both CON-PF and LPS-AL 
ovaries between d 4 and d 7 post-induction of ovulation, with no impact (P > 0.10) of LPS 
on either the rate of follicle growth or size of the dominant follicle on d 7 (Figure 4.5). 
 
LPS tended to increase serum 17β-estradiol but had no effect on progesterone levels 
Serum and follicular fluid progesterone concentrations were unchanged due to treatment 
(P > 0.10; Figure 4.7). Serum 17β-estradiol (E2) tended to be higher in LPS-AL cows 
(44%; P = 0.10: Figure 4.6A) while no treatment difference was observed in follicular fluid 
(Figure 4.6B).  
 
Acyloxyacyl hydrolase (AOAH) and RELA hepatic gene expression were altered by LPS 
exposure 
No differences were found in mRNA abundance prior to experimental period (P > 0.10; 
Figure 4.8A). Progesterone metabolism enzymes cytochrome P450 family 2 subfamily C 
(CYP2C) and CYP3A mRNA abundance were not impacted by LPS infusion (P > 0.10; 
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Figure 4.8B).  Neither TLR4 nor LBP gene expression were changed due to treatment (P > 
0.10; Figure 4.8). Abundance of mRNA encoding the LPS detoxification enzyme, AOAH, 
tended to be elevated in LPS-AL cows compared to CON-PF (P = 0.10; Figure 4.8). 
Additionally, RELA gene expression tended to be increased in LPS-AL cows relative to 
CON-PF cows (P = 0.11; Figure 4.8).   
 
Liver protein abundance was unaffected due to LPS infusion 
Hepatic protein abundance of SULT1E1, SOD1, or VEGF was not different prior to LPS 
infusion nor were after 7 d of LPS infusion (P > 0.10; Figure 4.9). 
 
DISCUSSION 
There are a myriad of physiological stressors that induce endotoxemia in humans 
and animals. Most studies examining how LPS affects fertility effects have utilized a 
single, high-dose, acute exposure model (Cort et al., 1986; Tuo et al., 1999; Lavon et al., 
2008; Lüttgenau et al., 2016). The inflammatory response to an acute endotoxin bolus can 
differ from chronic LPS exposure (Taudorf et al., 2007), thus we sought to develop a novel 
method of continuous LPS infusion in a paradigm that ostensibly more closely reflects 
endotoxemia resulting from gram-negative bacterial exposure during an infection or heat 
stress (via leaky gut). Thus we believe our current model of continuous LPS exposure for 
an extended amount of time more accurately mimics natural infection. We chose to 
implement exponential increases in daily exposure to mirror the abundance of endotoxin 
release from bacterial overgrowth and proliferation (Crutchley et al., 1967; Goris et al., 
1988). 
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 The LPS-AL cows experienced hyperthermia after the initial onset of LPS 
infusion, similar to observations in other LPS bolus studies (Vels et al., 2009; Moyes et al., 
2014; Lüttgenau et al., 2016).  Also, LPS-AL cows had increased rectal temperatures 
throughout the infusion period compared to CON-PF cows.  Inflammation, stimulated by 
LPS, causes immunoactivation, demonstrated by fever, as well as elevated respiration and 
heart rates. The consistently elevated rectal temperature in LPS-AL cows relative to CON-
PF cows suggests chronic inflammation which was a similar finding to another LPS 
infusion study, however, that study was much shorter in infusion duration (Bruins et al., 
2003).    
In agreement with the literature, infusing LPS caused an initial decrease in DMI 
(Waldron et al., 2006; Moyes et al., 2014; Zarrin et al., 2014; Gott et al., 2015). Contrary 
to our hypothesis, DMI progressively increased after initial onset of LPS infusion, despite 
exponentially increasing doses of LPS being infused each day, and it returned to baseline 
by d 6 of LPS exposure. By experimental design, DMI of CON-PF cows followed a similar 
pattern.  The ability of cows to remediate their decrease in DMI during increasing infusions 
of chronic LPS exposure was surprising and demonstrates the capacity of animals to 
develop tolerance to endotoxemia.  
Milk yield decreased initially after the onset of LPS infusion, similar to LPS bolus 
studies (Shuster et al., 1991; Waldron et al., 2003; Moyes et al., 2014; Zarrin et al., 2014; 
Gott et al., 2015; Aditya et al., 2016).  There was no difference in milk yield between CON-
PF and LPS-AL cows from d 2 of P2 through d 7 of P2, however relative to the baseline 
P1 values, milk yield was depressed. Since milk yield lags behind feed intake, the 
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depression in milk yield is likely a consequence of reduced feed intake during the middle 
of P2.  
LPS-AL cows had increased milk fat content compared to CON-PF cows, 
consistent with some studies in lactating dairy cows (Shuster et al., 1991; Aditya et al., 
2016) but not with another (Moyes et al., 2014).  Increased MUN in LPS-AL cows relative 
to CON-PF cows was observed, however, in contrast to our findings, others have found no 
change in MUN after cows were challenged with LPS (Aditya et al., 2016; Kvidera et al., 
2017). These contrasting results could be due to systemic inflammation in our model, rather 
than local inflammation of the mammary gland evaluated in previous studies (Moyes et al., 
2014; Aditya et al., 2016), or bolus injection (Shuster et al., 1991; Kvidera et al., 2017) as 
opposed to chronic infusion.  
Cows with metritis, associated with LPS-producing bacterial strains, are less likely 
to ovulate and have delayed follicular growth (Peter et al., 1989; Williams et al., 2008; 
Sheldon et al., 2009).  After 7 d of LPS during the first wave of follicular growth, we 
observed no change in dominant follicle growth rate or the size of the dominant follicle in 
LPS-AL, compared to CON-PF cows. This finding was similar to another study in which 
no change in follicle size was observed after culture of the bovine ovarian cortex for 6 d 
with 0.1, 1, or 10 μg/mL LPS in an ex vivo model (Bromfield and Sheldon, 2013). 
Additionally, intrauterine LPS infusion in cows did not impact dominant follicle size or 
growth rate (Williams et al., 2008).  Thus, our findings, whilst surprising, are in agreement 
with observations by other groups.  Limitations to our experiment, such as lack of ovary 
collection, did not allow us to analyze the impact of chronic LPS infusion at the molecular 
level, nor can we analyze impacts of endotoxemia on ovarian steroidogenic enzyme 
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abundance and activity, oocyte growth or the viability and activation of the primordial 
follicle pool. Bromfield and Sheldon (2013) demonstrated that LPS accelerated premature 
primordial follicular activation, thereby contributing to depletion of the primordial follicle 
pool. They also demonstrated that LPS induced cumulus oocyte complex expansion, and 
increased the rate of meiotic arrest and germinal vesicle breakdown failure (Bromfield and 
Sheldon, 2013). These same effects could have been occuring in our study but were beyond 
the scope of our investigations.  In addition, although no impact on follicle size was noted, 
this in no way discounts an impact on oocyte viability in LPS exposed cows. 
The major regulator of ovarian follicular growth is E2 and LPS can infiltrate 
follicular fluid potentially altering steroidogenesis (Herath et al., 2007; Williams et al., 
2008; Magata et al., 2014).  After 7 d of LPS infusion, we found no difference in P4 or E2 
in follicular fluid between LPS-AL and CON-PF cows. Contrary to studies demonstrating 
decreased circulating P4 after LPS infusion in goats and lactating cows (Fredriksson et al., 
1985; Giri et al., 1990), we observed no difference in serum P4 concentrations. 
Interestingly, our results agreed with Tuo et al. (1999) who also found no difference in 
circulating P4 after intrauterine infusions of LPS in pigs. In the current experiment, there 
was a tendency for increased serum E2 in LPS-AL cows relative to CON-PF cows.  This 
is contradictory with literature, as many studies indicate that LPS decreases E2 production 
(Peter et al., 1990; Suzuki et al., 2001; Herath et al., 2007; Sheldon et al., 2009; Shimizu 
et al., 2012; Magata et al., 2014). Interestingly Kahl et al., (2011), found pre-treatment with 
E2 enhanced the pro-inflammatory response to an LPS bolus in steers, suggesting that E2 
augments the inflammatory response. Cort et al., (1986) demonstrated an increase in 
plasma E2 after LPS injection in pregnant gilts, however the increase of E2 occurred post-
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abortion as expected due to return of cyclicity. Cows injected i.v. with LPS at the onset of 
estrus have longer estrus to ovulation windows or inhibition of ovulation entirely, and a 
rise in E2 was reported prior to delayed ovulation (Lavon et al., 2008).  Furthermore, Lavon 
et al., (2011) reported reduced E2 in the first estrous cycle but no different relative to 
controls in the third or fourth estrous cycles post-LPS (Lavon et al., 2011). Chai et al., 
(2015) demonstrated that LPS induces hepatic expression of SULT1E1, a deactivator of 
estrogens (Song, 2001) and that SULT1E1 is a transcriptional target of NFκB. We did not 
observe any effect of chronic LPS on hepatic SULT1E1 protein abundance however, 
potentially indicating lack of a SULT1E1 response to LPS exposure.  
As aforementioned, LPS induces increased circulating insulin (Waldron et al., 
2003; Kvidera et al., 2017) and it has been shown that insulin influences hepatic 
progesterone (P4) metabolism (Lemley et al., 2008, 2010; Cooke et al., 2012; Vieira et al., 
2013). We discovered that LPS-AL cows were hyperinsulinemic (~140%) relative to CON-
PF cows (Kvidera et al., in preparation). Elevated insulin decreases hepatic gene expression 
of the P4 metabolism enzymes, CYP2C and CYP3A (Mao et al., 2006; Lemley et al., 2008; 
Ni et al., 2008). In mice, LPS exposure also decreased CYP2C and CYP3A mRNA levels 
as well as CYP3A protein abundance (Moriya et al., 2014). However, in this model of 
chronic, progressively increasing LPS exposure, LPS had no impact on CYP2C or CYP3A 
gene expression after 7 d of infusion. This could be in part due to experimental design, 
since P4 is relatively low in abundance during the follicular phase. 
A cellular immune response begins when LPS binds to TLR4 which initiates a 
signal cascade culminating in the phosphorylation of REL-associated protein, a subunit of 
transcription factor nuclear factor kappa B (pRELA), and production of inflammatory 
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cytokines (Akira et al., 2006; Lu et al., 2008). Unexpectedly, TLR4 mRNA level was not 
altered in hepatic tissue of LPS-AL cows compared to CON-PF cows. Hepatic gene 
expression of RELA tended to be increased in LPS-AL cows, supporting that the hepatic 
TLR4 pathway was activated.  
Hepatocytes produce LBP, however there was no change in mRNA abundance of 
hepatic LBP due to LPS infusion.  The amount of circulating LBP increased on d 1 of P2 
in LPS-AL cows but returned to baseline by d 7 (Horst et al., unpublished). Gene 
expression of liver AOAH, which contributes to LPS detoxification, tended to be increased 
in LPS-AL cows relative to CON-PF cows.  After 7 d of LPS there was no difference in 
hepatic AOAH protein abundance (Horst et al., unpublished). Quantifying AOAH mRNA 
abundance and protein both basally and in response to LPS in bovine hepatic tissue is novel 
and the positive impact of LPS on mRNA encoding AOAH supports that LPS detoxification 
is occurring.  
The production of reactive oxygen species can be stimulated by LPS (Rietschel et 
al., 1994), and the anti-oxidant protein, SOD1, can diminish NFκB activation and cytokine 
release in microglial cells in vitro (Dimayuga et al., 2007). We found no difference in 
hepatic SOD1 protein abundance between LPS-AL cows and CON-PF cows during LPS 
infusion.  Hydrogen peroxide, a type of reactive oxygen species, upregulates VEGF in rats 
(Chua et al., 1998) and VEGF is an important factor for angiogenesis and is involved in 
pathological conditions such as chronic inflammation (Ferrara and Henzel, 1989; Jackson 
et al., 1997). There is an interesting relationship where angiogenesis can facilitate chronic 
inflammation and an inflammatory state can promote angiogenesis (Jackson et al., 1997). 
Production of VEGF can be stimulated by LPS in human dental pulp cells in vitro 
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(Matsushita et al., 1999). It has been shown that VEGF enhances expression of interleukin 
8 and interleukin-1β as well as their receptors in bovine theca cells in vitro (Murayama et 
al., 2010), and inflammatory cytokines can increase VEGF (Angelo and Kurzrock, 2007), 
however we found no difference in hepatic VEGF protein abundance at the end of LPS 
chronic infusion.   
For the mRNA and protein abundance investigated, it is noteworthy that we 
quantified these impacts at the end of the chronic LPS exposure. Thus, we did not study 
the temporal pattern of hepatic gene expression since obtaining liver biopsies on a daily 
basis would risk inducing inflammation. It would be of interest to characterize temporal 
patterns in mRNA and protein abundance of the targets investigated, as they could 
potentially be dynamic throughout long-term LPS exposure.  
Persistently elevated rectal temperatures in cows receiving chronic, increasing LPS 
exposure indicates occurrence of chronic inflammation. Production parameters such as 
milk yield and DMI were largely unaltered by LPS suggesting that cows become tolerant 
to increasing levels of LPS in terms of production parameters. Additionally, lack of any 
observable effect on follicular growth and size indicate that the animal experiences low 
level chronic endotoxemia without altering phenotypic aspects of ovarian function. 
Overall, this study pioneers a new model for future chronic inflammation studies which is 
more physiologically relevant as a paradigm for studying chronic endotoxemia.  
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Figure 4.1. Impact of chronic lipopolysaccharide (LPS) on rectal temperature, 
respiration rate (RR), and heart rate (HR). 
Lactating Holstein dairy cows were infused (i.v.) with either saline (CON-PF; n = 5) or 
LPS (LPS-AL; n = 6) for 7 d during the first wave of follicular growth.  The line graphs 
depict A) daily rectal temperatures, B) daily respiration rate, and C) daily heart rate; 
values represent mean ± standard error. LPS induced a febrile response in LPS-AL cows 
on d 1 (+0.49˚C; P < 0.01) relative to baseline and LPS-AL cows remained hyperthermic 
for the remainder of P2 (+0.26˚C; P < 0.01). Relative to CON-PF, RR increased 17 
breaths per min during P2 (P < 0.01) for LPS-AL cows. Heart rate of CON-PF cows 
tended to be lower in P1 (9 beats per min; P = 0.06). Relative to baseline, LPS-AL cows 
had elevated HR (3.2 bpm) on d 1 of LPS infusion while CON-PF cows had decresed HR 
(0.5 bpm), however throughout P2, LPS-AL cows HR was increased (11 bpm; P < 0.01). 
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Figure 4.2. Impact of chronic lipopolysaccharide (LPS) on daily dry matter intake 
(DMI). 
Lactating Holstein dairy cows were infused (i.v.) with either saline (PF-CON; n = 5) or 
LPS (LPS-AL; n = 6) for 7 d during the first wave of follicular growth.  The line graph 
indicates daily DMI; values represent mean ± standard error. Control cows were pair-fed 
(PF) to LPS cows by experimental design to create uniform nutritional status. 
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Figure 4.3. Impact of chronic lipopolysaccharide (LPS) on daily milk yield. 
Lactating Holstein dairy cows were infused (i.v.) with either saline (CON-PF; n = 5) or 
LPS (LPS-AL; n = 6) for 7 d during the first wave of follicular growth. Relative to 
baseline and CON-PF cows, milk yield from LPS-AL cows decreased 17% on P2D1 (P = 
0.01). From P2D2 onwards, milk yield from both treatments were similar but decreased 
(12%; P < 0.01) relative to P1.   The line graph indicates daily milk yield; values 
represent mean ± standard error. 
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Figure 4.4. Impact of chronic lipopolysaccharide (LPS) on milk fat content and milk 
urea nitrogen. 
Lactating Holstein dairy cows were infused (i.v.) with either saline (CON-PF; n = 5) or 
LPS (LPS-AL; n = 6) for 7 d during the first wave of follicular growth.  The line graphs 
indicate A) milk fat content, and B) milk urea nitrogen; values represent mean ± standard 
error. LPS-AL cows had increased levels of milk fat (19%; P < 0.05) and milk urea 
nitrogen (19%; P < 0.05) compared to CON-PF cows. 
  
A. 
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Figure 4.5. Impact of chronic lipopolysaccharide (LPS) on dominant follicle size and 
rate of growth. 
Lactating Holstein dairy cows were infused (i.v.) with either saline (CON-PF; n = 5) or 
LPS (LPS-AL; n = 6) for 7 d during the first wave of follicular growth.  The line graph 
indicates follicular growth during d 4 – d 7 of LPS. There was no difference due to 
treatment in size or rate of growth of dominant follicle (P > 0.05). 
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Figure 4.6. Impact of chronic lipopolysaccharide (LPS) on serum and follicular fluid 
17β-estradiol. 
Lactating Holstein dairy cows were infused (i.v.) with either saline (CON-PF; n = 5) or 
LPS (LPS-AL; n = 6) for 7 d during the first wave of follicular growth.  The bar chart 
indicates A) serum and B) follicular fluid 17β-estradiol levels; values represent mean ± 
standard error. LPS tended to increase serum 17β-estradiol (44%; P = 0.10) but had no 
impact on follicular fluid 17β-estradiol (P > 0.05). 
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Figure 4.7. Impact of chronic lipopolysaccharide (LPS) on serum and follicular fluid 
progesterone. 
Lactating Holstein dairy cows were infused (i.v.) with either saline (CON-PF; n = 5) or 
LPS (LPS-AL; n = 6) for 7 d during the first wave of follicular growth.  The bar chart 
indicates A) serum and B) follicular fluid progesterone levels; values represent mean ± 
standard error. LPS had no impact on serum or follicular fluid progesterone (P > 0.05). 
  
A. 
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Figure 4.8. Impact of chronic lipopolysaccharide (LPS) infusion on gene expression 
in whole liver lysate.  
Lactating Holstein dairy cows were infused (i.v.) with either saline (CON-PF; n = 5) or 
LPS (LPS-AL; n = 6) for 7 d during the first wave of follicular growth. The bar charts 
indicate relative fold change values for CYP2C, CYP3A, TLR4, RELA, AOAH, and LBP 
gene expression in bovine liver; values represent mean ± standard error. Prior to LPS 
infusion, no differences were detected in genes of interest (A). After 7 d of LPS, CYP2C, 
CYP3A, TLR4, and LBP were not impacted by LPS. RELA and AOAH gene expression 
tended to be higher (P = 0.10 and P = 0.11, respectively) in LPS-AL cows compared to 
CON-PF cows (B). 
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Figure 4.9. Impact of chronic lipopolysaccharide (LPS) infusion on estrogen 
sulfotransferase (SULT1E1), superoxide distmustase 1 (SOD1), and vascular 
endothelial growth factor (VEGF) protein abundance in whole liver lysate.  
Lactating Holstein dairy cows were infused (i.v.) with either saline (CON-PF; n = 5) or 
LPS (LPS-AL; n = 6) for 7 d during the first wave of follicular growth. The bar charts 
indicate relative densitometric values for A) SULT1E1, B) SOD1, and C) VEGF protein 
abundance in bovine liver; values represent mean ± standard error. Equal protein loading 
was confirmed by ponceau S (PS) staining of membranes. Neither SULT1E1, SOD1, nor 
VEGF total protein abundance were affected by treatment. 
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ABSTRACT 
Health challenges during the periparturient period can negatively affect both 
successful transition into galactopoiesis and future reproduction. Lactating Holstein cows 
(n = 41) were retrospectively categorized into 2 groups; reproductively sound (RS; n = 20) 
and reproductively unsound (RUS; n = 21) based on days open until subsequent 
conception. Plasma samples were obtained for analysis at -7, +3, and +7 DIM. 
Lipopolysaccharide-binding protein was elevated in RS cows +7 DIM (36%; P = 0.02) and 
negatively associated with days open (r = -0.31; P = 0.05) but did not differ from RUS at -
7 and +3 DIM. No differences were detected for serum amyloid A, haptoglobin, or L-
lactate. Peak milk production was not different between RS or RUS cows. Unsurpisingly, 
days open was positively correlated with increased heat detections and number of times 
bred before conception (P < 0.01).  
 
SHORT COMMUNICATION 
Reproductive efficiency has decreased in the dairy industry over the past 50 years, 
in part due to genetic selection for increased milk production (Lucy, 2001). The transition 
period (± 3 weeks relative to parturition) is a time of intense physiological changes, 
elevated inflammation, and increased incidences of metabolic and reproductive disorders 
(Bradford et al., 2015). Several inflammatory markers are increased following parturition, 
but whether inflammation helps or hinders subsequent reproductive efficiency is unclear 
(Manimaran et al., 2016). Thus, the source and extent of inflammation may play a role in 
whether periparturient inflammation is reproductively beneficial or detrimental.  
During inflammation, the liver produces a variety of acute phase proteins (APP) 
such as serum amyloid A (SAA), haptoglobin (Hp), and lipopolysaccharide-binding 
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protein (LBP) as a secondary (non-local) response to immune system activation, and these 
APPs are widely acknowledged as markers of systemic inflammation in cattle (Ceciliani et 
al., 2012). Circulating APP are increased during metritis (Hirvonen et al., 1999) and in 
cases of retained placenta (Mordark, 2009). Previous work has positively correlated serum 
Hp with days open before subsequent pregnancy, indicating that uterine infection may 
contribute to decreased reproductive efficiency (Chan et al., 2010) 
The objective of this study was therefore to characterize temporal patterns of APP 
during the periparturient period in cows retrospectively categorized as reproductively 
sound (RS) or unsound (RUS) based on days open until their subsequent pregnancy. We 
hypothesized that increased circulating APP were associated with greater numbers of open 
days. 
Details of live animal methods have been previously described (Abuajamieh et al., 
2016). Briefly, blood samples were obtained from 164 Holstein dairy cows (parity 2-7) via 
coccygeal venipuncture on d -7 (± 3), +3, and +7 (± 1) relative to parturition. Based on 
days open until subsequent pregnancy, cows were retrospectively categorized as RS (< 80 
d open; n = 20) or RUS (> 120 d open; n = 21). Plasma LBP, L-lactate, SAA, and Hp were 
determined using commercially available kits according to manufacturers’ instructions 
(LBP, Hycult Biotech, Uden, Netherlands; L-lactate, Biomedical Research Service Center, 
Buffalo, NY; SAA, Tridelta Development Ltd., Kildare, Ireland; Hp, Immunology 
Consultants Laboratory Inc., Portland, OR). The inter- and intra-assay coefficients of 
variation for LBP, L-lactate, SAA, and Hp assays were 9.7 and 18.2%, 8.3 and 3.9%, 76.2 
and 42.7%, and 30.5 and 33.1%, respectively. Each animal’s respective parameter was 
analyzed using repeated measures with a spatial power law structure. The repeated effect 
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was day relative to calving. Effects of treatment, day, and treatment by day interaction were 
assessed as a completely randomized design using PROC MIXED and correlation analysis 
was performed using PROC CORR (SAS Inst. Inc., Cary, NC). Data are reported as 
LSMeans and correlation coefficients, respectively, and considered significant if P ≤ 0.05.  
The transition period includes dynamic health challenges, and elevated markers of 
inflammation during this period have been well-characterized (Bradford et al., 2015). The 
inflammatory response and ability thereof to resolve the original insult may affect 
subsequent lactation and reproductive efficiency. Circulating APP are well-known markers 
of inflammation and have been examined in relation to post-partum uterine disease (Smith 
et al., 1998; Sheldon et al., 2001; Huzzey et al., 2009; Schneider et al., 2013), but relatively 
few studies have examined elevated APP in relation to subsequent conception (Manimaran 
et al., 2016). Herein, we analyzed circulating APP during the periparturient period and days 
open until conception. 
 LBP was increased at +7 DIM in RS compared to RUS cows (36%; P = 0.02, Fig. 
5.1A) but no differences between groups were observed on -7 or +3 DIM (P > 0.05, Fig. 
5.1A). At +7 DIM decreased levels of LBP were associated with increased days open (r = 
-0.31, P = 0.05, Fig. 5.1B). LBP can act as part of either a pro- or anti-inflammatory 
response (Wurfel and Wright, 1995) and has been shown to have a protective effect against 
LPS, bacterial infection, and septic shock in mice (Lamping et al., 1998). Additionally, 
Opal et al. (1999) concluded that LBP was a quality marker of elevated endotoxin in 
plasma. Increased LBP in RS cows may potentially be due to LBP’s role in LPS 
detoxification, indicating that these cows had a more robust response to detoxify LPS 
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relative to RUS cows.  This is a novel finding since LBP levels during the transition period 
have not previously been investigated nor associated with subsequent conception issues.  
No differences or associations with days open were observed in regards to 
circulating Hp or SAA in RS or RUS cows (Fig. 5.2A and Fig. 5.2B). Chan et al., (2010) 
demonstrated an association between circulating Hp and both days open as well as 
decreased conception rates. Cows with elevated SAA levels pre- and post-calving also have 
been demonstrated to resume estrous cyclicity and ovulation sooner compared to those 
cows with non-elevated SAA (Krause et al., 2014). Both of those studies, however, 
analyzed a relatively small (< 40) population of cows, which may contribute to conflicting 
results with the current study.  Our analysis also detected no difference between RS or RUS 
groups in L-lactate levels during the periparturient period (Fig. 5.2C). L-lactate is produced 
by activated and rapidly proliferating immune cells and circulating concentrations are 
elevated during times of acute inflammation (Giri et al., 1990; Werling et al., 1996; Steiger 
et al., 1999). Therefore, the lack of temporal increases or treatment differences is not 
surprising as the transition period is a chronic physiological situation spanning several 
weeks.  
Pre-calving (-7 DIM) LBP and Hp, LBP and SAA, and Hp and SAA were positively 
correlated (r = 0.53, 0.56, and 0.67, respectively; P < 0.01; Table 5.1) as well as LBP and 
Hp, LBP and SAA, and Hp and SAA being positively correlated post-calving (+3 and +7 
DIM; r = 0.73, 0.62, and 0.66, respectively; P < 0.01; Table 5.1). This aligns with current 
understanding of the acute phase response as a general (non-specific) marker of 
inflammation. Interestingly, Hp and L-lactate were negatively correlated on +7 DIM (r = -
0.38; P < 0.05, data not shown). Hp prevents bacteria from utilizing iron, while L-lactate 
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is produced from immune cells utilizing glucose.  It is possible that increased Hp lessens 
bacterial growth, thus fewer immune cells are required and less L-lactate is produced.  
Reproductive efficiency, measured by duration of estrus, has decreased in dairy 
cattle from 15 h to 5 h over the past 50 years (Dobson et al., 2008), consequently shortening 
the window for a successful conception. Unsurprisingly, days open was positively 
correlated with number of behavioral heats detected and number of times bred (r = 0.073 
and 0.87, respectively; P < 0.01; data not shown). This is expected as the cows with fewer 
days open conceived quicker than the cows with more days open. Increased milk 
production has also been associated with poor fertility (Lucy, 2001). In these cows, there 
was no correlation with peak milk production and days open (P > 0.05; data not shown). 
Limitations to our study include confounding variables in farm breeding management 
details such as method of heat detection, breeder variability, and quality of semen. The 
cows selected for each group were based solely on days open, and were not balanced by 
health ailments (known or unknown) or milk production.  Interestingly, in the RS group, 
only 12 cows were deemed completely healthy, 2 cows were treated for metritis, and 6 
cows for ketosis, while the RUS group consisted of 17 healthy cows, and 4 cows treated 
for ketosis. While these conditions are not ideal, this study encompassed a substantial 
sample size obtained from a large commercial herd (>3000 lactating cows), therefore 
having practical implications for commercial production settings. In conclusion, elevated 
LBP was associated with fewer days open and RS cows had increased circulating LBP +7 
DIM, potentially indicating an increased ability to resolve infection. No differences 
between groups were detected regarding other APP measured. To the best of our 
knowledge, LBP has not been evaluated during the transition period as an indicator of 
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reproductive efficiency, and could be a novel means to detect prolific cows. Not 
surprisingly, there was a positive correlation between number of heats detected and number 
of times bred to days open. Lastly, no associations were found between days open until 
subsequent pregnancy and Hp, SAA, or L-lactate levels in the periparturient period or peak 
milk during lactation.  Further studies need to be conducted taking into account variables 
which are difficult to control for such as heat detection, breeder variability, and cow disease 
status.  
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Figure 5.1. Circulating lipopolysaccharide-binding protein in cows retrospectively 
grouped as RS or RUS in relation to subsequent conception.  
Blood samples were obtained from periparturient Holstein dairy cows -7 d, +3 d, and +7 
relative to calving. These line graphs depict A) lipopolysaccharide-binding protein (LBP) 
between groups, and B) LBP correlated with days open.  LBP was elevated (36%) in cows 
classified as RS +7 DIM and negatively correlated with increased days open (r = -0.31, P 
= 0.05). 
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Figure 5.2. Circulating inflammatory parameters in cows retrospectively grouped as 
RS or RUS in relation to subsequent conception.  
Blood samples were obtained from periparturient Holstein dairy cows -7 d, +3 d, and +7 
relative to calving. These line graphs depict A) Haptoglobin, B) Serum Amyloid A, and C) 
L-lactate plasma levels in RS (n = 20) or RUS (n = 21) cows; values represent mean ± 
standard error.  No differences were found between APP at any time point in the 
periparturient period.  
  
171 
 
 
 
 
Table 5.1. Correlations between acute phase proteins (APP) pre- and post-calving.  
Blood samples were obtained from periparturient Holstein dairy cows (n = 41) -7 d, +3 d, 
and +7 relative to calving. This table depicts correlations between APP on -7, +3, and +7 
DIM.  There was a positive correlation between LBP and Hp, LBP and SAA, and Hp and 
SAA. Statistical significance is denoted by * and indicates P < 0.05, ** indicates P < 0.01. 
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CHAPTER 6: GENERAL DISCUSSION AND CONCLUSIONS 
 
The reviewed literature as well as data in this thesis highlight the many coordinated 
actions that must occur to complete a normal reproductive cycle. The recruitment, growth, 
and development of healthy follicles leading to ovulation is imperative for production of a 
healthy oocyte, subsequent fertilization, and embryo development to produce viable 
offspring.  The ability to create and maintain an optimal environment to produce a viable 
oocyte and embryo can be disturbed by external factors. 
A common external factor which is detrimental to fertility is heat stress (HS).  HS 
gives rise to altered steroidogenesis (Nteeba et al., 2015; Luo et al., 2016), poor oocyte 
quality (Wright and Ross, unpublished), decreased conception rate (Boma and Bilkei, 
2006), and increased abortion (Love, 1978).  Swine are inherently susceptible to HS due to 
lack of functional sweat glands, therefore, in order to dissipate heat, blood flow is 
redirected to the periphery, creating a hypoxic environment in the gastrointestinal tract and 
compromised intestinal integrity (Hall et al., 1999; Lambert et al., 2002; Pearce et al., 
2013b). This allows the influx of lipopolysaccharide (LPS) into circulation and subsequent 
endotoxemia. Other disorders and physiological states, such as obesity (Cani et al., 2007), 
irritable bowel syndrome (Piche et al., 2009), alcoholism (Draper et al., 1983), reduced 
feed intake (Lohuis et al., 1988), and high-fat diets (Erridge et al., 2007) share this common 
phenotype. The way the body responds to chronic inflammation and concurrent 
endotoxemia can influence fertility. Thus the aim of this thesis was to elucidate effects of 
endotoxemia on signaling pathways involved in inflammation, steroidogenesis, and 
follicular activation in the ovary.  
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Heat Stress 
As mentioned previously, HS and the associated inflammation is detrimental to 
fertility. Effects of HS on pre-pubertal gilts and post-pubertal gilts was assessed in two 
separate studies. In both pre- and post-pubertal gilts there was activation of the Toll-like 
receptor 4 (TLR4) signaling pathway measured by elevated protein abundance of TLR4, 
and phosphorylation of REL-associated protein A (pRELA), a subunit of transcription 
factor nuclear factor kappa B. Activation of TLR4 and NFκB, downstream signaling 
cascades of LPS binding, suggests a response to immunogenic stimuli in circulation. No 
difference in circulating LPS-binding protein (LBP), an acute phase protein produced by 
hepatocytes (Grube et al., 1994; Kirschning et al., 1997), in plasma or follicular fluid were 
detected after 5 d of HS. However, this was foreseeable as LBP is most commonly elevated 
at onset of stress. Acyloxyacyl hydrolase (AOAH), a lipase responsible for deacylating 
LPS rendering it unable to elicit a cellular response (Munford and Hall, 1986), was 
identified in both pre- and post-pubertal ovaries.  Although HS had no impact on total 
AOAH protein abundance, it is a unique discovery, as this is the first time it has been 
detected in porcine. Animals exposed to HS become hyperinsulinemic despite decreased 
feed intake (Torlińska et al., 1987; Itoh et al., 1998; Wheelock et al., 2010). In order to 
evaluate hyperinsulinemia independently of feed intake we calculated the insulin:feed 
intake ratio and detected post-pubertal gilts exposed to HS had decreased feed intake and 
elevated insulin:feed intake ratio in agreeance with literature (Baumgard and Rhoads, 
2013). Downstream of the TLR4 and insulin signaling pathways is phosphatidylinositol-3 
kinase (PI3K), which has protein kinase B (AKT) as its central mediator (Kohn et al., 1996; 
Bandyopadhyay et al., 1997).  The PI3K/AKT pathway is important for regulation of 
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steroidogenesis (Zeleznik et al., 2003; Chen et al., 2007) and follicular activation (Reddy 
et al., 2005, 2008; Brown et al., 2010). We have previously demonstrated altered insulin 
and AKT signaling as well as altered steroidogenesis within the ovary in response to HS in 
pre-pubertal gilts (Nteeba et al., 2015).  Nevertheless we found no change in total or 
phosphorylated AKT, although there was upregulation of insulin receptor protein 
abundance in ovaries from gilts exposed to HS. After 5 d of HS, there was no difference in 
circulating or follicular fluid 17β-estradiol or progesterone concentrations nor was there a 
change in steroidogenic enzymes, steroid acute regulatory protein (STAR) and cytochrome 
P450 family 19 subfamily A member 1 (CYP19A1) in the ovary.  This suggests there may 
be perturbations of the endocrine system depending on age which females were exposed to 
HS.  
 
Lipopolysaccharide 
Akin to HS, LPS effects female fertility in several ways.  Many studies have 
characterized LPS inducing pre-term labor (Reznikov et al., 1999; Xu et al., 2007; 
Salminen et al., 2008) and abortion (Wrathall et al., 1978; Fredriksson et al., 1985; Giri et 
al., 1990), as well as altering steroidogenic enzymes and steroid hormone production 
(Herath et al., 2007; Herman et al., 2010; Shimizu et al., 2012; Magata et al., 2014). The 
majority of studies administer a bolus of LPS, mimicking unrealistic situations and 
describing an inaccurate account of the body’s response (Taudorf et al., 2007).  
In an effort to more accurately replicate natural inflammation regardless of source, 
lactating Holstein dairy cows were exposed to continuous LPS intravenous infusion for 7 
d. Infusion of LPS induced classic hallmarks of infection including hyperthermia, 
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hypophagia, and decreased milk production (Lohuis et al., 1988).  Onset of LPS infusion 
into circulation induced a febrile response and the cows remained slightly hyperthermic for 
the remainder of the experiment. Feed intake was initially reduced but returned to baseline 
within the week despite increases in the LPS dose. Milk yield had a similar pattern to feed 
intake with an initial decrease and then recovered however milk production did not return 
to baseline and remained slightly depressed for the duration of LPS infusion.  Similarly to 
HS, elevated LPS can cause an increase in circulating insulin (Waldron et al., 2003; Pearce 
et al., 2013a). Insulin plays a role in fertility and elevated insulin can modulate 
progesterone (P4) metabolism (Sidhu and Omiecinski, 1999; Lemley et al., 2008; Vieira et 
al., 2013). There were no treatment differences in abundance of CYP2C or CYP3A mRNA 
in bovine hepatic tissue, however this study was conducted during the follicular phase, 
when P4 levels are relatively low. After 7 d of LPS, follicular development was not affected 
due to treatment and steroidogenesis appeared normal except for the tendency of LPS 
treated cows to have elevated estradiol. Many studies have characterized LPS causing a 
decrease in estradiol production resulting in delayed or inhibition of luteinizing hormone, 
and either delayed or inhibited ovulation (Kujjo et al., 1995; Suzuki et al., 2001; Lavon et 
al., 2008).  It has also been shown that estradiol causes the immune response to be more 
robust in endotoxic steers (Kahl et al., 2011). Unfortunately, analyzing signaling pathways 
within the ovary or subsequent fertility was outside the scope of this experiment, though 
this data presented here provide the foundation and justification to fill this important 
knowledge gap. In order to characterize activation of inflammation pathways, we analyzed 
LBP, AOAH, TLR4, and RELA levels. Hepatic mRNA abundance of LBP, was unchanged 
due to treatment after 7 d of LPS. Circulating LBP was elevated in LPS cows on d 1 of 
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treatment, and by d 7 did not differ from CON-PF cows (Horst et al., unpublished), thus 
explaining the similar gene expression in both treatments. We did find increased hepatic 
mRNA abundance of AOAH, but total protein abundance did not differ between treatments 
(Horst et al., unpublished). This too is novel as AOAH has not previously been shown in 
bovine.  Hepatic gene expression of TLR4 was unchanged due to treatment yet RELA 
mRNA was increased in LPS treated cows, potentially indicating activation of LPS-
induced inflammatory pathways. Though the results are puzzling and in contrast to many 
LPS bolus studies, this experiment suggests lactating cows can become tolerant to 
exponentially increasing LPS infusion. This project was novel and allows the opportunity 
to create a more physiologically relevant model.   
 
Acute Phase Response 
The body responds to inflammation with the release of acute phase proteins (APP), 
such as serum amyloid A (SAA), haptoglobin (Hp), and LBP, which are used as biomarkers 
of inflammation (Ceciliani et al., 2002).  In dairy cows, the transition from pregnancy to 
lactation is a complex time and many disorders arise during the periparturient period which 
have the potential to incur long-lasting effects on fertility (Fonseca et al., 1983; Sheldon et 
al., 2009; Hudson et al., 2012). Though APP have been associated with increased incidence 
of uterine disease in cows (Smith et al., 1998; Huzzey et al., 2009; Sheldon et al., 2009; 
Schneider et al., 2013), associations with subsequent conception are scarce (Chan et al., 
2010; Nightingale et al., 2015). Plasma samples obtained from periparturient dairy cows 
were analyzed for APP. LBP was elevated in reproductively sound cows 7 d post-calving 
and was associated with fewer days until subsequent conception, however no associations 
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were found for Hp, SAA, or L-lactate.  Inflammation is a double edged sword, however, 
the abundance of LBP could be a response to clear the infection sooner and remain fertile.     
 
Future Areas of Interest 
The data delineated in this thesis are only small pieces of a larger picture. 
Additional research is needed to characterize the long term effects of both HS and LPS on 
fertility. Our results suggest upregulation of inflammatory pathways via TLR4 signaling 
and alterations in steroidogenesis due to HS. More chronic studies need to be done to better 
represent endotoxemia, though intensive, they more accurately depict true physiological 
situations. This research, though demonstrated in pigs and lactating cows herein, has the 
potential to cross species, as endotoxemia is present in a myriad of physiological states, in 
both humans and domestic animals.   
 
Summary 
In conclusion, compromised intestinal integrity resulting in endotoxemia and 
subsequent inflammation represents a nexus between HS and periparturient diseases. This 
inflammation caused by elevated LPS in circulation alters ovarian signaling in gilts.  
Interestingly, lactating cows appear to become tolerant to chronic endotoxemia even when 
LPS dose is exponentially increased. Activation of LPS-induced TLR4 signaling pathway 
was observed in HS experiments with pre- and post-pubertal gilts, with upregulation of 
TLR4 and pRELA protein abundance in the ovary as well as upregulation of RELA mRNA 
expression in bovine hepatic tissue. The data herein further solidifies the paradox of 
increased insulin in HS animals, demonstrates ovarian TLR4 signaling pathway activation 
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during bouts of HS, and that lactating cows can become tolerant to LPS, enough so that 
their follicular growth is overtly unaffected. These results further delineate that the effects 
of endotoxemia on ovarian function are complex as well as variable between reproductive 
age and stage of estrous cycle.   
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APPENDIX: SUPPLEMENTAL DATA 
 
 
 
 
Suppl. Fig. 1. Negative controls for antibodies used on whole porcine ovarian lysate 
protein.  
Post-pubertal cycling gilts were housed in either thermal-neutral (TN) or heat stress (HS) 
environment for 5 d during the follicular phase. Gilts were euthanized and ovaries collected 
for protein isolation and western blotting. Equal protein loading was confirmed by Ponceau 
S (PS) staining of membranes. These images validate the specificity of the protein staining 
through use of only primary antibodies to ensure no autofluorescence.  
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Suppl. Fig. 2. Negative controls for antibodies used on whole porcine ovarian lysate 
protein.  
Post-pubertal cycling gilts were housed in either thermal-neutral (TN) or heat stress (HS) 
environment for 5 d during the follicular phase. Gilts were euthanized and ovaries collected 
for protein isolation and western blotting. Equal protein loading was confirmed by Ponceau 
S (PS) staining of membranes. These images validate the specificity of the protein staining 
through use of only secondary antibodies or IgG or serum with species specific antibody 
to ensure no nonspecific binding.  
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Suppl. Fig. 3. Negative controls for antibodies used for immunofluorescence on whole 
porcine ovarian sectioning.  
Post-pubertal cycling gilts were housed in either thermal-neutral (TN) or heat stress (HS) 
environment for 5 d during the follicular phase. Gilts were euthanized and ovaries collected 
for sectioning and immunohistochemistry. These images validate the antibody specificity 
through use of no antibody (A), only primary antibody (B), only secondary antibody (C), 
and IgG with secondary antibody (D).  
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Suppl. Fig. 4. Negative controls for antibodies used on whole bovine liver lysate 
protein.  
Lactating Holstein dairy cows were infused (i.v.) with either saline (CON-PF; n = 5) or 
LPS (LPS-AL; n = 6) for 7 d during the first wave of follicular growth. After 7 d, liver 
biopsy was taken for protein isolation and western blotting. These images validate the 
specificity of the protein staining through use of only primary antibodies to ensure no 
autofluorescence, as well as only secondary antibodies or IgG with species specific 
antibody to ensure no nonspecific binding.  
 
 
 
 
